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Abstract
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To oxidize two waters into molecular oxygen, the oxygen-evolving complex (OEC)
requires channels via which it can bring in new substrate waters and release protons through proton-coupled electron transfer as the manganese centers are oxidized. Three water channels surround the OEC: the narrow, broad, and large. Each
channel possesses its own unique set of properties that make it ideal for a different
purpose. Using network analysis and novel occupancy analysis, the stability of each
channel’s water positions and hydrogen bond network was quantified, showing the
stark differences between the channels. The narrow channel is very sensitive to the
oxidation of Mn4, appearing to prepare for the binding of WX to Mn4 during the
S2 → S3 transition. The broad channel has a robust network of hydrogen bonded
waters that are ideally suited to proton transport, as well as being surrounded by a
number of anionic amino acids that could serve as proton rest stops.
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Chapter 1

Introduction to the Oxygen-Evolving
Complex
1.1

Photosystem II

The massive dimer protein complex known as photosystem II is a fascinating and
complicated product of nature. It is embedded in the thylakoid membranes of
chloroplasts and is largely composed of transmembrane helices, which can be seen
in detail in Figure 1.1. The system is composed of two identical monomers, each
weighing in at 350 kDa and composed of 20 protein subunits or more, depending on the organism [1]. Despite its complexity, PSII is found in a wide range of
sunlight-harvesting organisms, including higher plants, algae, and cyanobacteria.
Although there are some minor difference between organisms, PSII is almost identical between them, with only a few amino acid differences[2]. Despite its impressive
size, PSII performs a very simple function: the creation of a charge gradient via
water oxidation and quinone reduction. It is the logistical difficulties of separating charges and preventing their premature recombination that has caused PSII to
evolve into the intricate behemoth it is today.
The core of this system is subunits D1 and D2, a pair of proteins each composed
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F IGURE 1.1: PSII is a massive dimer comprised of two 300 kDa
monomers. Here, each individual protein is represented by its own
unique color. One of the two OEC is circled in red. In the leftmost
monomer, D1, D2, and CP43 are shown in dark blue, purple, and cyan,
respectively.

of five transmembrane helices. These two subunits are considered the "core" of PSII
because all of the cofactors spread throughout massive protein complex are bound
to or otherwise interact with them. Surrounding D1 and D2 are two larger subunits:
CP43 and CP47, with "CP" standing for "Chlorophyll-containing Proteins". As the
names indicate, these subunits contain all of the majority of PSII’s chlorophylls.
Of the 16 remaining subunits, 13 are relatively small, containing only one or two
transmembrane helices and having a mass of <10 kDa. The other three are extrinsic
subunits, which protect and stabilize the rest of PSII. The largest is PsbO and it is
paired with either PsbU and PsbV in cyanobacteria or with PsbQ and PsbP in algae
and higher plants [3–5].
The charge separation mechanism of PSII operates similar to a molecular Rube
Goldberg machine. When a photon strikes a specific chlorophyll a (Chla) molecule
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embedded in the transmembrane helices known as P680 (so named for its maximal
absorption wavelength), the pigment becomes P680• and rapidly forms a radical
pair with a neighboring pheophytin. P680•+ Pheo•− then reduces a nearby plastoquinone called Q A . P680+ is the strongest known oxidizing cofactor found in nature, with a potential of 1300 mV [6] and is quenched by the oxidation of a tryosine
residue (D1-Y161), commonly referenced as YZ . With P680 reduced, Q A reduces
another plastoquinone, QB . This process is repeated to form Q2B− , which is then
protonated and released from PSII. This mobile molecule is used to transfer the
electrons to photosystem I via the cytochrome b6 f complex. The charge gradient
generated by both photosystems ultimately is used to power ATP synthase, with
synthesizes the energy-storage molecule ATP. Throughout this process, electrons
are being passed towards the stromal side of the chloroplast membrane, which is
why it is often referred to as the "acceptor" side [7, 8].
The oxidized YZ is located on the lumen "donor" side of PSII is where. Nearby
to YZ is the oxygen-evolving complex (OEC), sometimes alternatively referred to as
the water-oxidizing complex (WOC). This five-metal complex is embedded in the
D1 protein, with important contacts also with the D2 and CP43 subunits. When
P680 is quenched by YZ , the tyrosine becomes a radical and passes its hydroxyl
proton to the neighboring D1-H190, with which it forms a tightly hydrogen bonded
pair. The YZ -H190 pair sits as a doublet until the OEC releases an electron to replenish it. The OEC does this by oxidizing one of its four manganese centers, increasing
the metal’s charge from III to IV. This process is repeated three times, taking the
manganese charges from (III III III IV) to (IV IV IV IV). When YZ is oxidized for
a fourth time, it again accepts an electron from the OEC, but it is unknown exactly where within the OEC the electron it taken from, whether it is from one of the

Chapter 1. Introduction to the Oxygen-Evolving Complex

4

Mn(IV), which would then become a highly unstable Mn(V), or from one of the oxygen atoms that form a µ-oxo bridge or water molecule. This uncertainty is because
the OEC becomes very unstable after losing its fourth electron and very quickly resolves this by oxidizing two water molecules and releasing molecular oxygen along
with four protons [9, 10]. The mystery of the final state before oxygen release, and
how oxygen is subsequently produced, is a hotly debated subject, the results of
which would have a massive impact on the solar energy field. Even the identities of
the two water molecules that participate in the reaction are still unknown, although
there is evidence in support of a number of pairings [1, 11–13].

1.2

The Oxygen-Evolving Complex

The OEC is complex composed of a calcium and four manganese centers (Mn1,
Mn2, Mn3, and Mn4) held together by five µ-oxo bridges (O1, O2, O3, O4, and O5).
The complex is further stabilized by a number bonds to bridging aspartate (D1D170 and D342) and glutamate (D1-D189, E333, D2-E354) residues, as well as the
C-terminus of chain D1 (A344) and a lone histidine (D1-H332). Two more residues
form critical hydrogen bonds with µ-oxo bridges: D1-H337 and D2-R357. Four
water molecules are bound to the metal centers of the OEC. The first two (W1 and
W2) are bound to Mn4 and the latter two (W3 and W4) are bound to the calcium.
These waters are strongly favored to be at least one of the substrate waters in the
formation of O2 [14]. A final residue critical to the OEC is D1-D61, an aspartate
hydrogen bonded to W1 and appears to play an essential role in proton transfer
[15–17]. The OEC is surrounded by three water channels (narrow, broad, and large),
at least one of which must deliver substrate water molecules and/or allow protons
to exit.
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When light is shone on PSII, the OEC moves through a series of states collectively known as the Kok Cycle. The cycle is define by five storage (S) states: 0-4 [9,
10]. The first four states up to S3 are fairly well known, although there are some
disagreements on the finer points of some structures. With the exception of a few
groups favoring a low-valent model [18–20], the assignment of oxidation states of
III and IV to the manganese is widely agreed upon, as well as their assignments to
specific metal centers in specific S-states [21–25]. It is largely only the final S4 state
that is almost completely unknown due to its extremely short-lived nature.
Although the complex is now very well-resolved, this is relatively recent. For
decades, the OEC’s structure could only be speculated about. Its core components
were fairly well-agreed upon, those being the four highly-charged manganese, but
these manganese were very prone to reduction damage, meaning that methods like
X-ray crystallography would often destroy the complex rather than capture it. It
was not until 2001 that a crystal structure showed the shape of the manganese of
the OEC for the first time [26]. However, this structure only had a resolution of 3.1
Å and the Mn-Mn distances were not shown to be consistent with high-resolution
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy [27, 28].
While EXAFS cannot produce a single correct structure, it is highly useful for
weeding out incorrect structures. In 2011, the structure was solved at 1.90 Å and
showed the µ-oxo bridges for the first time [14]. This finally revealed the distorted
chair configuration of the complex, although the Mn-O distances still did not match
EXAFS, being longer than predicted [29]. This indicated that the complex was still
undergoing reduction damage during data collection.
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S0 and the Dark-Adapted S1

The first OEC state in the Kok Cycle is at the S0 state. As this is "storage state 0", this
state is storing no oxidizing equivalents and is the most reduced state of the OEC.
(This is with the exception of negative S-states, S−1 and S−2 , which exist during
photoassembly of the OEC or because of reductive damage [30–33].) The oxidation
states of Mn1, Mn2, Mn3, and Mn4 are (III IV III III), respectively [25]. Due to the
coordination flexibility of Mn(III), this is the only state where the O5 bridge is not
strictly localized on Mn1 or Mn4, as seen in Figure 1.2. Additionally, the relatively
low charges on the manganese cause one of the µ-oxo bridges to be protonated. O5
is a popular candidate for protonation due to its long bonds with Mn1 and Mn4,
although O4 has also been proposed and is supported by computational results.

F IGURE 1.2: While the S1 is the dark-stable state, the S0 is actually
the most reduced state of the OEC. During the transition from S0 to
S1 , the O5 µ-oxo bridge deprotonated in reaction to the oxidation of
neighboring Mn3 from 3+ to 4+.
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Although it is the lowest-charged state, the S0 is not actually the dark-stable
state. That is instead the S1 , which is commonly referred to as the dark adapted
state. In this state, Mn3 has been oxidized, making the manganese charges (III
IV IV III) [29]. This is the state that is ideally being seen in most experimental
PSII structures. However, reduction damage or even inadequate dark adaption,
mean that there are often a mixture of S-states actually being collected, including
S−1 and S−2 [28, 34–36]. In order for the OEC to progress from the S0 to the S1 ,
the complex undergoes a proton-coupled electron transfer (PCET), meaning that
as Mn3 donates an electron to YZ , the proton bound to the µ-oxo bridge, O5, also
leaves. This prevents an excessively large charge from building up on the complex
and makes the progressive loss of electrons more energetically feasible.

1.2.2

S1 → S2 Transition and Isomers

The first flash after dark adaption takes the OEC from the S1 to the S2 . This is the
only S-state transition that does not involve the loss of a proton [37, 38]. However, it
is possible that a proton is lost from W1 or W2, but stays localized on the nearby D61
[15]. In the process of oxidizing two water molecules to synthesize diatomic oxygen, a total of four protons must be released in conjunction with the four electrons.
While it is not known how exactly these protons are removed from the system, it is
clear that they pass through D61. When D61 is mutated to alanine or asparagine,
the OEC struggles to progress through the Kok cycle [39, 40]. Similarly, when the
chloride near D2-K317 is removed from the system, the S3 →S0 transition is inhibited, seemingly because K317 is forming salt bridge with D61, preventing it from
accepting protons [16, 41]. This is confirmed by the lack of chloride dependence in
the D2-K317A mutant [42].
In addition to being the only S-state transition that does not lose a proton, the S2
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F IGURE 1.3: The transition to the S2 state is marked by the oxidation of
either Mn1 or Mn4. Because Mn(IV) has a much stricter coordination
environment than Mn(III), O5 shifts towards whichever manganese is
oxidized. This is Mn4 in the S2A and Mn1 in the S2B .

is also the first with two known isomers [43, 44], which are shown in Figure 1.3. The
lower-energy isomer is identified by its doublet spin state and g=2.0 EPR signal. The
g =2

S2

isomer, henceforth referred to as S2A , is almost identical to the S1 in structure,

only showing slight shortening of distances with Mn4, which is oxidized from III
to IV, making the OEC manganese charges (III IV IV IV) [45]. The other isomer of
S2 , charactized by the g=4.1, [46, 47] is slightly higher in energy[48]. It is distinct
from both the S1 and S2A by the fact that O5 is not bonded to Mn4, as before, but
is now bonded to Mn1. This is due to the fact that Mn1 has been oxidized instead
of Mn4 (OEC: IV IV IV III). Mn(IV) is much less flexible than Mn(III) and strongly
prefers an octahedral coordination. In order to fulfill this, Mn4(III) releases O5 and
the µ-oxo bridge shifts over to bond to Mn1(IV). This shift creates a closed-cubane
structure for the OEC, so called due to the decreased size of the cube formed by
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Mn1, Mn2, Mn3, O1, O2, O3, and O5. (In the previous two S-states, the OEC was
considered open-cubane.) In the S2B isomer, Mn1, Mn2, and Mn3 are closer together,
causing positive ferromagnetic coupling between them and generating a net sextet
spin state for the OEC [49].

1.2.3

S2 → S3 Transition

The S3 state is the final stable S-state before oxygen evolution. It is also the first
S-state to bring in a new oxygen atom into the core complex structure [50, 51]. In
addition to losing both an electron and a proton through PCET, the OEC also binds
a new water molecule, stripping it of a proton, to create a hydroxyl located between
Mn1 and Mn4 (O5 in Fig. 1.4). Which of the waters that surround the OEC supplies
this new oxygen is currently unknown, although there are a few hypotheses. First
is the carousel mechanism, in which the new water is supplied by the narrow O4
water channel and binds to Mn4 [52]. To make space for this water, W1 and W2
then rotate around Mn4, like a carousel, and W2 becomes the new µ-oxo bridge.
A second mechanism is very similar but instead utilizes the waters bound to the
calcium. As W3 is incorporated into the OEC during the S2 →S3 transition, a new
water is supplied by the large O1 channel and binds to the calcium [53, 54]. A third
mechanism has a new water come from the large channel and bind directly to Mn1
[55], however this mechanism has been largely dismissed due to inaccessibility to
Mn1 from that angle [56].
Beyond where the new water binds from, there are several other debates that
revolve around the S3 . One is whether the O-O bond is already beginning to form
in the S3 state [57]. Some recent two-flash (S3 ) crystal structures have shown a very
short distance between O5 and the new O6, much too short for hydrogen to be between them. If this is the case, this would completely change the discussion around
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F IGURE 1.4: The S3 has the most significant shift in the OEC of any
state yet seen. A new water molecule is incorporated into the the center of the complex, spreading Mn1 and Mn4 apart. This new water is
a favorite candidate for an oxygen evolution substrate due to its seemingly strategic position next to O5.

the S4 state and oxygen evolution. A second question is whether a new water even
binds in the S3 at all, calling into question the accuracy of the two-flash structures.
There must certainly be some change in the structure of the OEC to satisfy the octahedral coordination requirements of four Mn(IV) centers. This could be satisfied, however, by other changes that do not involved incorporating a new water
molecule, such as W3 becoming a bridge between the calcium and Mn4 [58]. Such
alternative structures are not widely accepted, at least not as the primary isomer of
S3 , but they have not definitively been ruled out.
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Water Delivery and Proton Shuttling

As the OEC moves through the Kok Cycle, four protons must be removed as part
of the PCET process and two new water molecules must be brought to the complex.
For this to happen, the OEC is reliant on the water channels that surround it. Shown
in Figure 1.5, there are three primary channel that directly connect to the OEC: the
narrow, the broad, and the large. Each of these three channels are radically different from one another, hinting that they may have been evolutionarily optimized for
different purposes. Having a variety of water channels benefits the OEC as the necessary characteristics for a water delivery channel (mobility) and those of a proton
exit channel (rigidity) are in direct contrast with one another.
The narrow channel is connected to the OEC by O4, which is why it is alternatively named the O4 channel. It begins at WX and then proceeds almost straight
down towards the lumen. The first four to five waters in the channel, including

F IGURE 1.5: The OEC is surrounded by three water channels: the narrow, the broad, and the large. The narrow (orange) extends from O4
and is characterized by a single file line of waters. The broad (yellow)
extends from W2 and curves between D1-D61 and D2-K317. The large
(red) extends from O1 and is the widest of the three channels. Image
adapted from Vogt et al. [59]
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WX , form a very organized single file line. This has led to speculation that the narrow channel is the proton exit channel [60–62]. It is connected to D1-D61, which
is a crucial part of proton transfer and the first few water molecules do appear to
be ideally set up for a Grotthuss mechanism. This supported by computational results comparing the dynamics of the narrow channel to that of protein aquaporin
[60]. Both channels exhibit a neatly arranged line of waters, but where aquaporin,
a water delivery channel, differs is in its hydrogen bond network. As shown in
Figure 1.6, the waters in the aquaporin swap hydrogen bonding direction partway
through the pore, halting any proton transfer. This is not the case in the narrow
channel. Each water in this channel donates one hydrogen bond to the protein and
one to the next water in the channel. This is an ideal setup for proton transfer.
The flaw in using the narrow channel for proton transport comes when looking beyond the first few waters or beyond the S1 . Past the original single file line,
the narrow channel become more globular, losing its close coupling between the
waters. Additionally, one of the waters in the line appears to disappear in the oneflash (S2 ) and two-flash (S3 ) [63, 64] structures. The loss of this one water would

F IGURE 1.6: Although both channels are characterized by their neatly
arranged single file water chains, the narrow channel of PSII and that
of aquaporin have one key trait that differentiates them. In PSII’s narrow channel, all the waters are pointing in the same direction, seeming
almost perfectly prepped for the Grotthuss mechansim. Conversely,
partway through aquaporin, the direction is flipped. Image adapted
from Sakashita et al. [60]
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completely prevent the proton transfer that occurs during S2 → S3 . There is the
possibility that this water is not actually gone, but instead is more mobile in higher
S-states, making it invisible to crystallographers. This would still present a problem
for proton transfer, though, as a mobile water would destabilize the necessary rigid
hydrogen bond network.
This more mobile water would makes sense in the context of the previously
mentioned carousel mechanism [52]. When WX moves to bind to Mn4, it will be
replaced by the next water in the narrow channel, here called WX1 , this is the water molecule that seems to disappear in the one-flash structures and beyond. The
hypothesis is that beginning in the S2 , WX1 may become destabilized as it is prepared to move in and replace WX during the S2 → S3 transition. The suspiciously
neat arrangement of waters of the narrow channel may actually be serving the exact same purpose as those in aquaporin, meaning that the channels’ similarities are
more than just coincidence. In PSII, the single file line of waters in the narrow channel may be a water molecule conveyor belt, neatly arranged make sure that WX is
properly oriented to bind to Mn4.
If the narrow channel is delivering waters, the question remains which channel
is shuttling protons? Of the two remaining channels, the broad is the only practical
option. Like the narrow channel, the broad channel is connected to the critical D61
and its connecting point to the OEC (W2) is ideally situated to accept protons from
O5 during S0 → S1 , from W2 during S2 → S3 , and from many of the substrate candidates proposed for S3 → S0 . It also possesses a robust hydrogen bond network,
although it does not have the neat line that the narrow channel does. Instead, the
numerous charged residues in the broad channel (D1-D61, E65, R334, D2-K317, and
the chloride) strongly hold the channel’s hydrogen bonding network to a specific
configuration. Calculations of proton transfer through this channel support these
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observations [17], making the broad channel a prime candidate for a proton exit
pathway.
The final channel is the large channel. Of the three, the large is by far the most
fluid. Connecting to the OEC near O1, this channel is the likely supplier of the waters that become W3 and W4. Its lack of a defined hydrogen bond network between
waters makes it incredibly unfavorable for proton transfer. However, due to the
mobility of waters in this channel, it is the most likely water delivery channel if the
calcium carousel mechanism is proven to be how a new water is added to the OEC
during the S2 → S3 transition. Otherwise, the channel’s size also make it viable as a
pathway to bring in manganese to rebuild the OEC, which is a frequent occurrence
as the OEC is easily damaged over the course of repeated Kok Cycles.
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Chapter 2

Methods
2.1

Two-layer QM/MM Calculations

As a sensitive, complicated, highly-oxidized five-metal complex bonded to a massive protein system, the OEC presents a unique challenge to computational modeling. Standard classical molecular mechanics (MM) force fields such as AMBER
or UFF cannot adequately capture such a strange system without significant additional parameterizaion, as will be discussed later. At the other end, ab initio methods
like DFT [65–67] do replicate experimental structures and energy data for the OEC
quite well [68, 69] but become massively computationally expensive as the model
becomes larger. In addition to the five metals and five to six µ-oxo bridges that are
part of the OEC proper, six ligating residues and several more second shell residues
and waters that contribute important hydrogen bonds are critical to include in any
computational model. This causes the model to quickly balloon to hundreds of
atoms. Additionally, to look at any effects caused by mutations or the presence of
small molecules that are not in the immediate vicinity of the OEC, even a model of
300-400 atoms will not extend far enough from the OEC to be sufficient.
This has necessitated the use of a unique multi-layer Quantum Mechanics/Molecular
Mechanics (QM/MM) method called ONIOM [70]. In a typical QM/MM model,
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F IGURE 2.1: The ONIOM method involves a three-part process in the
calculation of a two-layer model. The full model is calculated with
molecular mechanics and the inner layer is calculated twice: once with
molecular mechanics and once with quantum mechanics.

the system is split into two layers, usually a small core surrounded by a larger shell.
ONIOM splits the calculation into three steps. In one step, the core layer, referred
to as the "model system", is calculated using the chosen QM method. For the calculations discussed here, this will be DFT using the B3LYP functional [71]. The
LanL2DZ basis set [72] is used for Mn and Ca atoms and the 6-31G(d,p) [73–75] for
all other elements, unless otherwise stated. The next step of ONIOM is to calculate
this same "model" layer again but now using a classical force field, which will be
AMBER.[76] Finally, the complete "real system", which includes all atoms in both
layers, is calculated using AMBER. To create the two-layer model of a small QM
layer surrounded by an MM shell, the energy of the model layer calculated with
AMBER is subtracted from the real system and replaced with the model layer that
has been calculated with DFT (Figure 2.1). Note that the MM "shell" is never actually calculated on its own as a hollow shell, but rather created by subtracting out
the core system after the fact.
Where bonds must be cut to remove the model system from the larger "real
system", hydrogen atoms are added to fill the valancies, which can be seen in Figure
2.2. In the case of the OEC model, the following residues are included in the QM
layer: D1-[D61, D170, E189, H332, E333, H337, D342, A344] and CP43-[E354, R357].
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F IGURE 2.2: The QM layer (left) contains 120 atoms, including the
OEC, nine amino acids, and ten waters. This layer is docked into the
larger 2400-atom classical model (right), which contains all waters and
amino acids within 15 Å of the OEC.

The ten waters that are included in the QM layer are W1, W2, W3, W4, W5, W7, W8,
W9, WX , and WY . All waters are considered fully protonated in the S1 state. The
same is mostly true in the later S-states, although deprotonating W1 or W2 (but not
both) and pushing the proton to D61 is equally, if not more energetically favorable.
All waters can be assumed to be neutral unless explicitly stated to be otherwise.
Charges and spins for each manganese atom in each S-state are given in Table 2.1.
The complete "real system" contains ∼2400 atoms. This includes all residues
with an alpha carbon within 15 Å of the OEC and all waters with an oxygen within
the same radius. Based on the 3ARC [14] structure in the Protein Database (PDB),
this includes D1-[(57)-58-67-(68), (81)-82-91-(92), (107)-108-112-(113), (155)-156-192(193), (289)-290-298-(299), (323)-324-344], CP34[(290)-291-(292), (305)-306-314-(315),
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S-State
S0

S1
S2A
S2B
S3

Mn1

Mn2

Mn3

Mn4

Net Value

Charge

+3

+4

+3

+3

+4

Spin

α

β

α

β

Doublet

Charge

+3

+4

+4

+3

+4

Spin

α

β

α

β

Singlet

Charge

+3

+4

+4

+4

+5

Spin

α

β

β

α

Doublet

Charge

+4

+4

+4

+3

+5

Spin

α

α

α

β

Sextet

Charge

+4

+4

+4

+4

+5

Spin

α

α

α

β

Septet

TABLE 2.1: For QM calculations, charges and spin states must be explicitly assigned to each manganese atom. Net charge values include
µ-oxo bridges.

(334)-335-337-(338), (341)-342-(343), (350)-351-358-(359), (398)-399-402-(403), (408)409-413-(414)], and D2-[(311)-312-321-(322),(347)-348-352]. Note that residue numbers in parentheses are replaced by a capping group in the model. Where the protein backbone has been severed at the edge of the 15 Å sphere, a capping residue
replaces the cut residue, with an acetyl group (ACE) being used at the N-terminus
and a methylamine (NME) at the C-terminus. These caps assist the model with
holding its shape after it has been isolated from the PSII complex and as such are
restrained from all optimizations. Alongside the above residues, there are 95 waters
in the model, including the 10 already included in the QM layer. For optimizations,
the oxygen atoms of waters that are not in the QM layer are restrained. This is especially important at the edge of the sphere, where is is very easy for water to drift
into the vacuum outside of the model.
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OEC Parameterization

Since the QM/MM structures have been shown to be consistent with high-resolution
EXAFS distances, they are the natural basis on which to build other models, especially those at a lower level of theory. While QM/MM optimizations provide a
highly accurate picture of the OEC, it is still only a single snapshot of a dynamic
system. An alternative to this limited view are classical molecular dynamics simulations. The low computational cost of classical mechanics makes the propagation
of large systems, like PSII, over time feasible. While the remarkable efficiency of
classical dynamics makes it a popular tool for theoretical studies of many protein
system, it comes with its own cost, which is accuracy. Because the system is not
being calculated ab initio, the validity of the simulation is entirely at the mercy of
the quality of parameters used.
Previously, the OEC has primarily been kept unbonded and rigid for classical
simulations. The manganese, calcium, and µ-oxo atoms keep their formal 3/4+, 2+,
and 2- charges, respectively and are essentially frozen charged spheres throughout
the simulation. This is typically acceptable, as PSII is a massive system that the OEC
is only a very small part of. However, if one is interested in the effects of the OEC
and its S-states on the hydrogen bond network and dynamics on the the waters
surrounding it, a more flexible or realistically charged OEC is necessary.
This means that a bonded model of the complex with appropriate partial charges
must be constructed. There are many publicly available generators for partial charges,
including the CHARMM-GUI [77] and Amber’s Antechamber [78]. However, these
generators are not vetted for most metal-containing systems, especially one as intricate as the OEC. To resolve this, the AmberTools package includes another parameterization tool that is intended to be used for metal complexes: the Metal Center
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Atom

Formal

MCPB

ESP

Ca

+2

+0.94

+1.52

Mn1

+3

+0.47

+1.20

Mn2

+4

+0.04

+1.19

Mn3

+4

+0.10

+1.66

Mn4

+3

+0.32

+1.52

O1

-2

-0.22

-0.71

O2

-2

-0.13

-0.66

O3

-2

-0.16

-0.75

O4

-2

-0.28

-0.77

O5

-2

-0.11

-1.00

TABLE 2.2: Formal and partial charges for all OEC atoms in the S1
state. Although shown to adequately represent simple one or twometal complexes, the OEC proved to be too intricate of a system for
MCPB to reliably create parameters for. To assist with the calculation
of charges, metal centers were restrained to their DFT-calculated ESP
charges and the remaining non-metal atoms in the model were fit with
RESP charges as normal.

Parameters Builder (MCPB) [79]. This program has the ability to create parameters
for a wide range of metals, but it is not equipped to handle highly-oxidized metals
(i.e. Mn4+ ) or complexes with more than two metal centers. In fact, when MCPB
was applied as-is to the OEC, the manganese had charges near zero (Table 2.2) and
the force constants applied to the bonds were far too weak for the complex to hold
its shape.
Modifications were instead made to the workflow to generate suitable parameters. The calcium and manganese centers of the OEC were fit with the ESP charges
using the Merz-Singh-Kollman (MK) method [80] in Gaussian09 [81]. ESP charges
were fit to a side chain and backbone model of the OEC and all its directly-bound
ligands. This model was calculated with DFT/B3LYP [71, 82] using the LanL2DZ

Chapter 2. Methods

21

Atom

S1

S2A

S2B

S3

S0

Ca

+1.52

+1.40

+1.50

+1.79

+1.39

Mn1

+1.20

+1.19

+1.38

+1.34

+1.02

Mn2

+1.19

+1.24

+1.29

+1.33

+1.20

Mn3

+1.66

+1.52

+1.69

+1.71

+1.47

Mn4

+1.52

+1.40

+1.41

+1.51

+1.18

O1

-0.71

-0.68

-0.66

-0.69

-0.76

O2

-0.66

-0.61

-0.67

-0.69

-0.73

O3

-0.75

-0.75

-0.75

-0.77

-0.71

O4

-0.77

-0.64

-0.77

-0.70

-0.76

O5

-1.00

-0.90

-0.94

-0.93

-0.86

HO5

-

-

-

+0.35

+0.29

O6

-

-

-

-0.76

-

TABLE 2.3: Partial charges for all OEC atoms in all S-states

[83] basis set and pseudo-potential for calcium and manganese atoms and 6-31(d)
[75, 84] for all other atoms. Ligand and µ-oxo bridge partial charges were calculated
using the RESP [85] method with metal centers present but restrained to their ESP
values. A RESP fit of the entire OEC was attempted, however, this resulted in nearzero metal charges and negatively-charged hydrogens. Holding the metal centers to
DFT-calculated ESP charges solved both of these issues. OEC charges for all S-states
are given in Table 2.3 and the complete partial charge sets for all ligands are listed
in Appendix A. To hold the system together, force constants of 500 kcal/mol/Å2
and 100 kcal/mol/rad2 were applied to all metal-containing bonds and angles. Dihedral angles were left with a force constant of 0 (as is standard within MCPB) as
the interconnected box shape of the OEC and its many bidentate ligands prevent
almost all dihedral rotations.
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Once adequate parameters were acquired, initial simulations were run using a sphere
model similar to the QM/MM model described previously. Simulations were run
as described in Reiss et al. [86] using a 25 Å sphere centered on the OEC taken
from 3WU2 [14], which is shown in Figure 2.3. Cut protein backbones were capped
with acetyl (ACE) and N-methylamide (NME) residues and these caps were frozen
during simulations to hold the sphere’s shape. Additionally, water oxygen atoms
and cofactors more than 15 Å away from the OEC were also frozen to their crystallographic coordinates. All hydrogen and heavy atoms within 15 Å were free

F IGURE 2.3: The sphere MD model is comprised of all residues, waters, and cofactors within 25 Å of the OEC. Capping residues and noncovalently bound molecules more than 15 Å away from the OEC are
restrained to help the model hold its shape during the simulation.
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to move. All metal-containing bonds and angles were held to their QM/MM optimized structure [68, 87] with 500 kcal/mol/Å2 and 100 kcal/mol/rad2 , respectively. These force constants were used in lieu of those calculated by the Seminario
method [88], as the values estimated by the latter method were too weak (<100
kcal/mol/Å2 ) to hold the system together. The stronger force constants retained
the complex structure without completely restraining it in space.
The TIP3P force field [89] was used for all water molecules in the system. Bonds
and partial charges were calculated for the S1 (III IV IV III), S2A (III IV IV IV), S2B
(IV IV IV III), S3 (IV IV IV IV), and S0 (III IV III III) states. Parameters for metalcontaining cofactors were created using the MCPB.py [79, 90] script and other cofactors using Antechamber, both available through the AmberTools package [78].
As per the MCPB protocol, metal centers and the atoms bound to them were assigned arbitrary atom types (e.g., M2 or Y6) for which parameters were created as
described previously. The remaining ligand atoms were assigned their usual Amber atom type, as determined by their amino acid and atom names (e.g., Cγ in an
aspartate has Amber atom type CO). Simulations were run in Sander for at least 100
ns using a 1-fs time step under the Amber 14 [91] force field at 300 K after heating
from 0 K for 20 ps, after which the variance of the temperature was less than 3 K,
indicating achievement of a stable simulation temperature.

2.3.2

PSII Monomer Trajectories

The MD simulations were run as described in Kaur et al. [17] based on the PSII
monomer taken from the 1.9 Å resolution X-ray crystal structure of Thermosynechococcus vulcanus 4UB6. [14] All 20 subunits of the PSII monomer were included.
The CHARMM-GUI [77] bilayer membrane builder embedded the system within
a membrane of MGDG, DGDG and POPG in a 1:1:1 ratio. The final system had
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F IGURE 2.4: For larger simulations, a monomer of PSII was embedded
in a lipid membrane, which was in turn sandwiched between two massive water boxes. This model allows for maximum freedom of movement for all atoms in the model, particularly allowing for the free flow
of water through PSII’s water channels.

the PSII monomer in a 180 Å × 180 Å × 81 Å rectangular box with 300,000 TIP3P
[89] water molecules along with the membrane (Figure 2.4). There were 616 Na+
and 320 Cl− ions added to the system to maintain charge neutrality at a 0.15 M
concentration. There were a total of 494,990 atoms in the system.
The OEC bond lengths, angles, and dihedrals were taken from the QM/MM optimized S1 [29] and S2 [45] states. The structure was maintained with constraints of
1000 kcal/mol/Å2 for bond lengths and 200 kcal/mol/rad2 for angles. Additional
restraints of 500 kcal/mol/Å2 were added for the hydrogen bonds between QB and
Ser264 and between YZ and H190 [92]. The latter is a strong, short hydrogen bond,
which will not be maintained in the standard classical mechanics force field [93].
ESP charges were used for the Ca2+ and four Mn (Mn1, Mn2, Mn3 and Mn4), as
described above. RESP charges were used for the 5 µ-oxo ligands, four terminal
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waters of Ca2+ and Mn4 as well as the primary OEC ligands D1-D170, E189, H332,
E333, D342, A344, and CP43- E354. CHARMM forcefield parameters for lipids and
for neutral pheophytin, chlorophyll and plastoquinone cofactors of PSII were taken
from Guerra et al. [93].
Patching was carried out for both heme b559 and the non-heme Fe complex in
CHARMM [94]. The disulphide linkage [95] between Cys 19 and 44 in PsbO was
also patched in. The protonation states of the residues are fixed at the beginning
of any MD simulation, so the ionization states of acidic and basic residues were
modified based on MCCE calculations of the protein in the S1 state with all other
cofactors in their ground state [44]. All Asp, Glu, Arg, and Lys are ionized and
His, Cys and Tyr were neutral with the following exceptions: CP47 -D380, E387,
E405, CP43 -E413, D2 -E242, E343, PsbO- D102, D224, E97, PsbV- K47, K134 are
neutral, while His D1- H92, H304, H337, CP47- H343, CP43- H74, H398, PsbO- H228
and PsbUH81 were protonated. In addition, by default CHARMM-GUI chose the
neutral His with a proton on ND1 (HSD). However, MCCE found that the following
His residues prefer to have a proton on NE2 (HSE): D1-H195, H252, CP43- H157,
H201, D2- H61, H87, H189, H336, PsbO- H231, PsbV- H118.
OpenMM [96] was used to run the MD trajectories. Periodic boundary conditions with Langevin dynamics and the Nose-Hoover Langevin piston at constant
pressure (1 bar) were used. The temperature was set to 303.15 K. The coulombic
interactions are calculated using the Particle-Mesh Ewald (PME) algorithm. A 2fs time step is used. To relax initials clashes, the system was first minimized in
CHARMM using Steepest Descent (SD) minimization for 1000 steps. The system
was then further equilibrated in OpenMM where the protein backbone, side chains
and lipids are allowed to relax for 355 ps with all constraints removed. All production runs were 100 ns long.
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Community Network Analysis

To shed light on the collective organization of interstitial waters in PSII, the eigenvector centrality (EC) methodology recently developed in our group [97] was utilized. This technique has successfully identified allosteric pathways in protein residue
networks. The EC of a node, ci , is defined as the sum of the centralities of all nodes
that are connected to it by an edge, Aij ,
1
ci =
λ

n

∑ Aij c j

(2.1)

j =1

where the edges Aij are elements of the so-called adjacency matrix A, and λ is the
eigenvalue associated to the eigenvector composed by ci elements. In particular,
our approach relies on assigning the functional dynamics to the major collective
mode of the system (i.e., the first eigenvector of A), and hence in this context, λ is
the highest eigenvalue of A. There are several ways of defining an adjacency matrix,
and for insight into the interconnectivity of a water network, the focus was put on
the correlated motions of the system. Therefore, we utilized an adjacency matrix
weighted by the dynamical correlations between protein residues, the elements of
which can be quantified by the generalized correlation coefficient:
i− 1
 2

 h
2
G MI ri , r j = 1 − e− 3 I [ri ,r j ]

(2.2)



where I ri , r j are expressed in terms of the mutual information [98],


 


I ri , r j = S [ri ] + S r j − S ri , r j

(2.3)
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being S [ri ], S r j , and S ri , r j the marginal and joint Shannon entropy [99], for

atomic displacements ri , r j , obtained as ensemble averages over the MD simulation. The EC is a measure of how well connected a node is to other well-connected
nodes in the network. In addition, the EC serves as a measure of the connectivity
against a fixed scale when normalized, and hence, at variance with other centrality metrics, it can be used to reliably compare different networks. Analysis was
performed on the waters of the sphere trajectories described previously. Similar
analysis could not be performed for the waters in the monomer simulation as the
waters can swap positions or disappear into the bulk. The CNA algorithm, which
was originally written with protein-bound amino acids in mind, is not designed to
account for this.

2.5

Occupancy Analysis

Occupancy of individual water positions was determined from analysis of the final 50 ns of the S1 and S2 full PSII monomer simulations. All waters, including
the ligand waters, within 25 Å of the OEC were used for determination of water
positions. A total of 12,500 snapshots were combined into a single structure, which
was then used to simulate a neutron scattering map using the SFALL program [100–
104] within the CCP4 software package [105]. A sample CCP4 code is given in Appendix B. Because hydrogen atoms do not possess a neutron with which to simulate
scattering, all hydrogen atoms were replaced with deuterium for the sake of the
occupancy analysis only. An 80-Å3 map was created from the water sphere with
a resolution of 3 points/Å. PyMOL [106] was used for visualizing the generated
maps, as well as contouring the maps to determine which positions were the most
consistent throughout the trajectories.
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Custom codes were used to quantize the occupancy of the major water positions.
To begin, the location of the center of each distinct water’s oxygen position was
approximated visually based on the highly-contoured maps and then refined using
the Real Space Refine Zone tool in Coot [107]. The center coordinates of W1-W11,
WX , WX1 -WX4 , and WY and any alternate positions were then input into the scripts
given in Appendices C and D. These calculated the exact probability densities and
logarithmic decay data, respectively, for each position. Probability densities were
calculated by averaging the map density along 12 evenly spaced vectors, which
form a dodecahedron centered at the coordinates that were determined in Coot.
Occupancy data generated by the scripts were plotted in Matlab [108], which was
also used to calculate the cumulative density of each position. A sample Matlab
code is given in Appendix E.
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Results: Sphere Trajectories
3.1
3.1.1

S1 and S2 Isomers
Community Network Analysis

The mobility of the interstitial water molecules in PSII provides insights on potential diffusion pathways for H2 O, H+ , or O2 . Therefore, we computed the Root Mean
Square Fluctuation (RMSF) per water molecule to quantify the mobility of waters
in the system. Figure 3.1 (left column) shows that there are two main channels of
highly diffusive waters that connect the Mn4 CaO5 complex with the lumen. The
narrow channel shows a straight pathway of hydrogen-bonding water molecules
with moderate mobility. The second large channel shows a branching point and
much higher mobility towards the protein exterior. A third channel bridges the
narrow and large channels with intermediate water mobility values. This bridge
channel matches the entry of the broad channel described by Retegan and Pantazis
[109], which splits into two more channels (the broad and a proposed proton-exit
channel) between D1–D61 and D1–D65 (not shown). Interestingly, the structure
and mobility of these water channels show sensitivity with respect to the S1 and S2
states analyzed here, suggesting a potential regulatory role of the water dynamics
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on OEC activity.
In order to further analyze the influence of the surrounding waters on the Mn4 CaO5
complex, we computed the Eigenvector Centrality (EC) in terms of the Mutual Information (MI) for all the waters in the system [98]. The measure of centrality gives
an idea of how much each atom influences the dynamics of neighboring atoms, i.e.,
how connected each water molecule is with its neighbors. It is expected that higher
connectivities can be related with high proton mobility, and therefore, an increased
effectiveness in proton transport between the OEC and the exterior of the protein.
This analysis shows that the same three channels that exhibit the highest mobility also show the highest EC within the water network (Figure 3.1, right column).
Again, it is shown that the EC distribution is very sensitive to both the state transition from S1 to S2 and the isomerization S2A to S2B . On the other hand, it is interesting
to note that the waters in these two channels manage to solvate the Mn4 CaO5 complex, and therefore, long chains of water with great centrality reaching this complex
may indicate water-assisted long-range modulation of the reaction taking place in
the OEC.

3.1.2

Diffusion vs. Connectivity

To provide a comprehensive analysis on how the properties of the previously identified water channels change in the different states of the OEC analyzed here, we
computed the number of hydrogen bonds per water molecule in each channel (Figure 3.2). The observed number of hydrogen bonds per water is considerably smaller
than the corresponding value in bulk conditions (∼4). This is to be expected, considering that the water molecules also form hydrogen bonds with the protein backbone
and polar side chains, rather than only with other water molecules as in the bulk.
On the other hand, it is clear that the number of hydrogen bonds between water
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F IGURE 3.1: Left: Root Mean Square Fluctuation (RMSF) per water
molecule for three different S-states of the OEC. The color scale is red
for highly mobile water molecules and blue for the most static waters.
Right: Eigenvector centrality in terms of the MI metric computed for
the OEC complex in two different states: S1 and S2 , having two isomers
of S2 . The centrality scale goes from red (high centrality) to blue (low
centrality). Relative positions of D1–D61 and Y161 (YZ ) are shown in
white. The channels colored in cyan, magenta, and orange are named
narrow, bridge, and large, respectively. Both the large and the narrow
channel have already been recognized in several studies [110–112]. The
bridge channel, on the other hand, only coincides a fragment of the socalled broad channel.
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F IGURE 3.2: Hydrogen bonds per water molecule in the three different water channels computed in states S1 , S2A , and S2B . The presented
histograms account for the normalized frequency of occurrence of different hydrogen bonds per water.

molecules is larger in the narrow channel than in the large or broad cavities, except
in the S1 state. This can be explained by the smaller mobility of the water molecules
in the narrow channel (Figure 3.1). The more rigid cavity constrains the waters in
positions where the hydrogen bonding is favored in comparison with the large or
broad channels. Therefore, while the narrow channel could be more appropriate for
proton transport, the large channel would be the most favorable for the diffusion of
larger ions through the water network. With respect to changing S-states, the large
channel is largely unaffected.
The narrow channel is the most sensitive, with the distribution of hydrogen
bonds narrowing and increasing from the S1 to S2A states. In S2B , the mean similarly shifts upward and the distribution noticeably broadens compared to the S2A
state. Considering the placement of the narrow channel close to Mn4, it is reasonable that the cavity would be so affected by the state transitions since Mn4 is oxidized or changes its coordination in the S2A and S2B states, respectively. Additionally,
the bridge channel has its most dramatic change in the S2A state, with its distribution of hydrogen bonds slightly narrowing and shifting downward, although this is
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F IGURE 3.3: Total root mean square deviation and normalized first
eigenvalue of the water positions in the previously identified water
channels.

nowhere near as dramatic as in the narrow channel. Again, this modification can be
attributed to the changes to the OEC in this state, with the oxidation of Mn4, which
the bridge channel runs alongside. It is important to note that the great mobility
and connectivity between the waters in the intersection of the narrow and bridge
channels (Figure 3.1) indicates that these channels are not strictly isolated from one
another and water or protons can likely flow between them.
Figure 3.3 (left panel) shows the total root mean square deviation (RMSD) of the
atomic positions associated to the water molecules in the three channels. Similar
to the RMSF per water, the RMSD accounts for the overall standard deviation of
atomic displacements, reflecting the total mobility of the waters in the system. It
is clear that water diffusion is more favorable in the large channel. This supports
the hypothesis that the large channel is more suitable for the migration of waters
or larger ions. On the other hand, the normalized first eigenvalue of the correlation
matrix (Figure 3.3, right panel) is a measure of the overall connectivity between
waters in each channel. This value indicates that the bridge channel has the highest
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connectivity, with the exception of the S2A state where the narrow channel is more
connected. This observation supports the idea that the broad channel is part of a
proton exit pathway.
We have analyzed the dynamic networks established by interstitial waters adjacent to the OEC of PSII by using molecular dynamics simulations. We have identified three channels of highly diffusive and interconnected waters. One of these
channels, named the narrow channel, is located in a rigid cavity where water movement is restricted and hydrogen bonding between waters is enhanced. Conversely,
in the large channel, waters are much more mobile and hydrogen bonding between
waters is more fluctuating. The bridge channel between the two, whose location
matches well with the entry of the broad channel, has intermediate character between the other two channels. Therefore, while the structural and dynamical properties of the narrow channel, and the broad channel to a lesser extent, should be
ideal to enhance Grotthuss-like proton diffusion, the large channel might be more
appropriate for diffusion of larger ions. Previously, both the narrow and large channels have been identified as possible candidates for supplying substrate waters to
the OEC, specifically the WX molecule near O4 [52, 54]. Generally, the narrow channel is favored by experiments [69], while the large channel has computational support [54]. Meanwhile, the broad channel has been proposed as a possible exit channel for proton release to the lumen during the Kok cycle [69]. Based on our analysis,
the large channel should be ideal for transport of both water and larger ions. This
could be key for the periodic reassembly of the OEC and for the delivery of chloride
ions. The distant chloride ion, Cl-2, near D1–N184, is located very close to this channel, further indicating that this channel is very likely to be its source. However, the
other chloride, Cl-1, near D2–K317, is closer to the broad channel and has no clear
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path to the large channel. Therefore, although the large channel is the best for delivering ions, it is more likely that the broad channel is the preferred pathway for
Cl-1. The channel we have identified as the bridge is part of the broad channel and
should be capable of facilitating such a transport. However, it is well worth noting
that this analysis was done using PSII structures containing a fully-assembled OEC,
whereas any ion transport would take place before or during the assembly process.
The water channels’ overall interconnectivity and access to each site is very likely
greater without the cluster blocking their intersection.
The narrow channel has been shown by our analysis to be the most rigid of the
three near-OEC channels. Though part of the broad channel has been put forward
as the proton exit channel, our results suggest that the well-ordered narrow channel
is the best pathway for protons. The increased rigidity of the narrow channel in the
S2 state could explain the reduced occupancy of the water molecule next to WX in
the narrow channel in the 1F (one-flash, S2 -rich) structure observed by Jan Kern
et al. [63] and Jimin Wang et al. [113]. If the water molecules are stabilized and
unable to move in the S2 , water may temporarily be unable to fill this small pocket
in the narrow channel until its reappearance in the 3F (S0 ) structure. This missing
water in the S2 state would create a gap in the chain of hydrogen-bonded water
molecules in the narrow channel. If this channel is the proton exit path, this gap
would be a barrier for exiting protons which would explain why a proton is not
released in the S1 → S2 transition. However, it was also shown in one structure
(3ARC/5V2C) [14, 114] that the narrow channel can be blocked by glycerol without
apparent inhibition of oxygen evolution. Assuming the presence of this molecule
is not an artifact of the experiment, then this channel cannot participate directly in
water or proton transport. Instead, the narrow channel could simply be stabilizing
the hydrophilic pocket near O4 that WX occupies before binding to the OEC in the
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S2 → S3 transition.
Experimentally, it has been shown that depletion of chloride from PSII prevents
the OEC from progressing past the S2 state, indicating that the proton exit pathway
is blocked [16, 115]. Mutation of D2–K317 to alanine eliminates the chloride dependency, showing that it is the formation of a salt bridge between D1–D61 and K317
that prevents proton release [42]. D61 is located at the junction between the narrow
and broad channels, so the aspartate-lysine salt bridge could block either or both
channels for a proton released from substrate water on Mn4. As far as the delivery of water molecules to the OEC, our analysis indicates that the broad and large
channels are the best candidates, with the narrow channel displaying low water
mobility. A 2017 computational study looked into how water rehydrates a dry PSII
and found that the water molecules occupying the WX position near O4 originated
from the broad channel, not the large [110]. If WX does enter through the broad
channel, then the rigidity of the narrow channel would not rule out the carousel
mechanism as the method by which new water molecules bind to the OEC. However, it is questionable whether or not a water from the broad channel would be
able to reach the WX position as it would need to somehow get through the narrow
corridor that is blocked by a strong hydrogen bond between D1-D61 and W1. To
summarize, our results indicate that the large channel is the most likely supplier of
ions to the OEC cavity, with the exception of Cl-1, which is likely supplied by the
broad channel. The narrow channel should be suitable for proton removal, with the
broad channel being another possibility. The water mobility of the large and broad
channels makes them the more likely suppliers of substrate waters to the OEC, although access to the WX position by either channel is questionable.
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Analysis of the Complete Kok Cycle
Centrality and Hydrogen Bonding

While analysis of changes to the water channels between S1 and the S2 isomers
can provide insight into the question of why no proton is lost after the first flash,
an analysis of all S-states can provide a complete picture of the dynamics of water
throughout the Kok cycle. Considering the different roles the channels must play as
more and more electrons are stripped from the OEC, from proton shuttling to water
delivery to simply supporting the hydrogen bonding network, one could expect
the channels’ properties to vary noticeably depending on what is required of them
from one S-state to the next. As in the original analysis of the S1 and S2 states, all
three channels continue to show strong connectivity. In Figure 3.4, it appears that
the large channel is the most well-connected due to its deep red shade in almost all
S-states. However, these waters are actually clustered around D1-E329, which helps
to correlate their motion despite the lack of hydrogen bonding between the water
molecules themselves.
The narrow and bridge channels are more truly interconnected, relying on internal hydrogen bonding, which is clearly visible in Figure 3.5. In all S-states, the large
channel shows consistently low hydrogen bonding between its water molecules,
averaging only about one hydrogen bond per water. Conversely, the bridge and
narrow channels are roughly equivalent to one another, with 1.5 to 2 hydrogen
bonds per water. As a reference, bulk water is expected to have two hydrogen
bonds per water, as each water can have four hydrogen bonding partners and each
hydrogen bond involves two waters. It is expected that the channels should have
lower hydrogen bonding than bulk water due to some interactions with the protein,
and these interactions are largely what are responsible for constraining the waters
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F IGURE 3.4: Centrality analysis of the waters around the OEC reveal
three "communities" of waters in all S-states, although where the exact boundaries between these communities are does vary slightly with
oxidation of the cluster. As with the analysis shown in Figure 3.1, all
three channels show strong centrality, although not for the same reasons (i.e. hydrogen bonds with each other vs. hydrogen bonds with a
mutual amino acid).
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F IGURE 3.5: The hydrogen bonding of the water channels is itself quite
dynamic across the S-states. While the large channel (black) is consistently the least interconnected, the narrow (green) and bridge (pink)
channels alternate back and forth for which has the strongest hydrogen bonding. Some of this is due to the passing of waters back and
forth between the communities, with waters like WX alternating between belonging to the narrow channel or the bridge.
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to identifiable positions. The most notable difference between the S-states’ hydrogen bonding is the drop in the narrow channel’s hydrogen bonding in S0 . This is
not due so much to a sudden lack of hydrogen bonds, but is instead a response to a
change in the community boundary between the narrow and bridge channels, with
several waters switching from the narrow community to the bridge community.
This is shown by an uptick in hydrogen bonding in the bridge channel.

3.2.2

RMSF and Motion

In addition to the connections between waters, another critical aspect to note is
how much the waters in each channel move overall. This is measured by the RMSF,
shown in Figure 3.6. The waters that barely move at all are shown in dark blue
and are mostly limited to the four waters bound to Mn4 and Ca2+ . This is expected, since those four waters are formally bonded to metal centers by rigid 500
kcal/mol/Å2 bonds. The next level of waters are shown in light blue to white, these
are primarily in the narrow channel, beginning at WX near O4. With the exception
of the bound waters, WX is the least mobile near-OEC water throughout the Kok
cycle, and even appears blue in S0 and S2B . In S0 , two more waters in the narrow
channel, referred to here as WX1 and WX2 , also appear blue, reflecting a decrease
in motion in this S-state relative to more oxidized states. This could be the channel
preparing to shuttle a proton away from the OEC during the S0 → S1 transition. If
this were the case, one would expect to see a similar stillness in S2 in preparation for
the next proton loss that occurs during S2 → S3 transition. This is only true if the S2B
isomer is the one that immediately precedes S3 , as there is no noticeable lowering
of the narrow channel RMSF in S2A compared to S1 or S3 .
The motion of the bridge channel does not appear to react to the oxidizing of the
OEC, appearing pink to light red in all S-states. It is worth noting that due to the size
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F IGURE 3.6: Waters are colored by their RMSF, with red indicating
high RMSF and blue low RMSF. The ligand waters, W1-W4, are dark
blue, as they are rigidly bound to the OEC and do not have much freedom of movement. The free waters range from light blue, primarily
in the narrow channel, to dark red, seen in parts of the large channel.
The bridge channel, which mostly consists of the YZ water tetramer, is
not significantly affected by the change in S-state. The narrow channel
only seems to be altered in the S0 state, where the RMSF noticeably
drops. The large channel has the most variety in RMSF, covering the
entire spectrum of RMSF values.
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of the model, this says nothing about whether broad channel, another favorite for
proton shuttling, is reacting to S-state transitions. The bridge channel is primarily
centered on the tetrameter of waters that connect the OEC to YZ . Since every S-state
will lead to the transfer of an electron from the OEC to YZ (except for the proposed
but unconfirmed invisible S4 , after which the OEC is reduced rather than oxidized),
it is not surprising that these water positions are highly consistent, as their role is
the near-OEC HBN is consistent across the Kok cycle. The large channel is shown
to have the most motion. The waters in this channel range from pink to a dark
red, being especially dark in S3 . These waters reflect the expectation that the large
channel, being the least organized, also has the highest amount of motion. Despite
their strong interaction with D1-E329, these waters are consistently the most mobile,
likely due to the long flexible side chain of a glutamate. Compare this to waters in
the bridge and narrow channels that primarily interact with the protein backbone
or amino acids with shorter side chains, such as asparagine (D1-N87) or aspartate
(D1-D61).
These simulations and analyses reveal that the OEC has a significant effect on its
surroundings, changing the centrality, movement, and hydrogen bonding within
the water channels, despite the waters’ positions being mostly unchanged. The
most interesting conclusions from this analysis would be to determine the purposes
of the channels (e.g. proton or substrate transport). Proton transport requires a
stable water wire, while water transport needs a mobile, fluid channel. The narrow
channel is the most stable and well-connected in most S-states, making it an ideal
proton pathway. Both the large and bridge channels (with the bridge leading to
the broad channel) could support the transport of molecules or ions, but only the
broad channel has direct access to the WX site, making it the more likely candidate
for substrate water delivery. However, due to the size of the models used for this
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analysis, it is difficult to draw too many conclusions when there is no diffusion
where water can truly flow in and out of the channels. This requires a much larger
model involving at least one complete PSII monomer interacting with bulk water.
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Results: Complete PSII Monomer
Water Channels
4.1

Near-OEC Waters: W1-W4, WX , and WY

The "near-OEC" waters are defined as the six waters that have direct contact with
the OEC. These include the four waters that are bound to a metal: W1 and W2 on
Mn4 and W3 and W4 on Ca2+ . In addition to these are the two hydrogen-bonded
waters: WX at O4 and WY at O1. As detailed in the Methods section, the four
metal-ligating waters are classically bonded to their respective metals. WX and WY
are free waters, only held in place by nonbonding interactions with the OEC and the
surrounding protein. In particular, WX accepts hydrogen bonds from D1-S169 and
another water and donates hydrogen bonds to O4 and D1-D61. WY only interacts
with O1 and other waters in the large channel, having no protein contacts. The
locations of all water molecules of note are shown in Figure 4.1, along with their
interconnected HBN.
One might expect the ligand waters to a be an uninteresting control case, as they
bound to the metal centers by unbreakable harmonic bonds and so do not have the
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F IGURE 4.1: The aqueous HBN surrounding the OEC: Waters are
shown as red spheres, the OEC as thick sticks (Mn: purple, O: red,
Ca: green), and amino acids as thin yellow sticks. Dotted yellow lines
indicate probable hydrogen bonds (O-O distances of ∼3 Å or less). Alternate positions are shown as crosses and have a "b" added to their
names. There are ten commonly named waters in the region surrounding the OEC. These are W1-W9 and WX . In addition to these, there are
a number of other waters that are highly conserved across published
high-resolution PSII structures, those being the first four waters after
WX in the narrow channel (WX1 -WX4 ), the two waters near Oδ1 of D1N181 (W10 and W11), and the water hydrogen bonded to O1 (WY ).

ability leave their established positions during the simulation. However, these waters do have some characteristics of note. The apparent occupancy decreases from
W1 and W2 to W3 and W4, if only slightly (Figure 4.2). This is due to the increased
motion of the calcium-bound W3 and W4 compared to W1 and W2. While none
of these four waters are capable of actually leaving their positions, the calciumbound waters have longer bonds (∼2.5 Å) than those bound to the highly-charged
Mn4 (∼2.0 Å), and they do rarely move outside of the defined 1.5 Å radius, due to
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F IGURE 4.2: There are multiple ways to to quantify the presence of waters during simulation. A simple probability density (far left) shows
the percentage of simulation frames in which a water molecule is
present within a 1.5 Å radius of the center of the water position, measured in 0.05 Å increments. The total occupancy (center panels) is calculated as a survival function, measuring the probability of finding a
water beyond the specified radial distance. The final measure is a log
function (far right) that quantifies how the probability decays with increasing radii. This makes determining the sizes of water positions
relative to each other much easier, even if two positions have drastically different occupancies. For example, in S2 , both WY (red line) and
W4b (cyan dots) have fairly low occupancies but the radius over which
the W4b position extends is much narrower, comparable to that of the
higher-occupancy waters, whereas the WY position is spread over a
larger area.

the temporary deviation of either the water or even the entire OEC. Despite being
subject to identical bond and angle force constants, the extra 0.5 Å granted to W3
and W4 give them a wider range of motion even when subject to the same angular
displacement.
This wider range of motion gives W4 enough freedom that is appears to have a
secondary position that only appears in the S2 state. This position, labeled W4b in
Figure 4.1, is centered 2.7 Å away from the standard W4 position, distant enough
to be considered a distinct position that shares a short hydrogen bond with W4.
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Water

S1

S2

S2 Alt.

Water

S1

S2

S2 Alt.

W1

1.00

0.97

-

WX

0.94

0.91

-

W2

0.98

0.96

-

WX1

0.81

0.12

0.60

W3

0.95

0.95

-

WX2

0.84

0.70

-

W4

0.92

0.93

0.19

WX3

0.80

0.32

0.56

W5

0.83

0.76

-

WX4

0.59

0.59

-

W6

0.28

0.60

-

WX3c

-

0.61

-

W7

0.29

0.53

-

WY

0.42

0.31

-

W8

0.70

0.69

-

W10

0.45

0.23

0.28

W9

0.88

0.81

-

W11

0.64

0.50

-

TABLE 4.1: Total occupancy of all named water positions, taken from
the data presented in Figures 4.2, 4.4, 4.8, and 4.7. The two most prevalent trends are the decrease in narrow channel (WX1 -WX4 ) occupancy
and an increase in tetramer (W5-W7) occupancy during the S1 →S2
transition. Also, note that in the case of alternate positions present in
S2 , combined occupancies that total more than 1 are indication of the
presence of a completely separate water molecule in addition to the
original position (as with W4). Conversely, a reduction in the original
position’s occupancy combined with the presence of a new alternate
position indicates a bimodal distribution, where a water molecule can
be present in either position but rarely, if ever, both at the same time.

This conclusion is bolstered by the fact that the combined total occupancies of W4
and W4b, 0.93 and 0.19, respectively, as listed in Table 4.1 are greater than 1. This
must mean that a second water occasionally appears near W4, likely accepting a
hydrogen bond from the bound water. The reason this water only appears in S2 and
not in S1 could be due to the net increase in charge of the OEC. However, there is
no notable change in the charge of W4 itself, so the exact interaction that causes the
appearance of W4b is not known. Due to its small occupancy, the hydrogen atoms of
W4b are not visible, even at very low contouring levels, so it is impossible to know
the exact predominant orientation W4b from the current analysis. Additionally, this
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position has not been previously identified by any crystal structures, so it is entirely
possible that this novel position is simply an artifact of the simulation.
The two hydrogen-bonded waters also each have their own unique characteristics. WX , despite being an unbound, free water, has an occupancy on par with the
ligand waters (Table 4.1). This is likely due to its three rigid points of polar contact: O4, D61, and S169. Unlike some other waters that interact with more flexible
residues, the contacts of WX are themselves very stable. O4 is part of the rigid OEC
and is fairly polar, meaning that it has both very minimal movement during the
simulation and has a strong attraction to the hydrogens of WX . Both S169 and D61
have fairly short side chains, minimizing their flexibility. These are further stabilized by additional hydrogen bonds from the system: S169 by D1-S167 and D61 by
W1 and a connection to the rigid water network of the broad channel. These three
stable points of polar contact result in the WX position being just as stable as the
ligand waters, to the point of being quantitatively indiscernible. The final unique
feature of WX is its lack of water interchange. One of the major features of the
full PSII monomer model is the ability of water to flow through the channels that
cut through the protein, whereas the sphere model has the channel ends plugged
by frozen waters. Because of this, most water positions do not house the same
molecule throughout the simulation. However, this is not the case for WX , where
the same unique water molecule remains in this position for the entire simulation
and is never swapped for another. This make WX the most stable free water observed. In the context of the Kok cycle, WX is the favorite source for the water that
binds during the S2 →S3 transition [52]. If this is the case, WX ’s exceptionally rigid
positioning is likely a selectively evolved feature reducing the difficultly of binding
the water to Mn4, similar to how metal complex catalysts can lock onto and arrange
reagents to decrease a reaction barrier.
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Often overlooked in the discussion of the OEC’s HBN, WY marks the beginning
of the large channel, which is the most "fluid" of the three water channels leading
to the complex. Similarly, WY has the most weakly defined position of any of the
near-OEC waters. Having a total occupancy of less than 0.5 (Table 4.1), WY appears
to not be present for just over half of the simulation. Unlike some other waters
that will be discussed later, WY does not have an obviously secondary position
and instead seems to simply disappear into the large channel. On top of its low
occupancy, WY has a much broader presence, especially evident in the log plot in
Figure 4.2. While the other waters have an almost linear logarithmic decay, WY
severely deviates almost immediately. This is not due to relatively low occupancy
of this position. Observe the cyan dots of W4b, which much more closely mimics
the decay of the bound waters and only has a slight deviation towards the far edge
of the position. This is also evident in the probability plot, where beyond ∼1.25
Å, WY has the highest probability of being present. This all combines to say that
WY has the most loosely defined position of any of the near-OEC waters. When
noting the hydrogen bonding environment of WY , its amorphous character is easily
explained by a lack of any interaction with the protein, its only rigid point of contact
being with O1.

4.2

The Narrow Channel

Visualizing the occupancy of the oxygen atoms of water molecules in the narrow
channel reveals clear and distinct water positions near the S1 OEC, which devolve
into indistinct globular regions farther away. Specifically, nine waters in the narrow
channel, beginning with WX and leading away from the OEC, show almost perfectly spherical occupancies, similar to the ligand waters, W1-W4, that are formally
bonded to the OEC. This indicates that these positions are extremely stable and
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consistent throughout the simulation, although the individual water molecules are
interchanged throughout the simulation, with the exception of the aforementioned
WX . The first five waters in this chain (WX , WX1 -WX4 ) form a distinctive single
file line and the latter five waters (WX5 -WX8 ) group together in a less structured arrangement. Beyond WX8 , the individual waters of the narrow channel are no longer
clearly distinguishable. Additionally, these first nine waters positions in the narrow
channel align well with the crystal structure (PDB: 3WU2) water positions.

F IGURE 4.3: Oxygen (red) and hydrogen(white) density of prominent
waters in the narrow channel contoured at 15 σ. Waters present in
dark-adapted (presumed S1 ) 3WU2 [14] and 1F (presumed S2 ) 6DHF
[63] structure are shown as red crosses. In the S1 , both oxygen and water positions appear very spherical and of similar size, which would
indicate that the channel consists of rigidly held waters that persist
throughout the simulation. The HBN of the channel is also easily identifiable by the positioning of the hydrogens, which consistently donate
hydrogen bonds towards the OEC. The narrow channel of the S2 is
clearly much more chaotic, with the originally linear chain of waters
now having a more zigzagging path. WX has flipped, which causes a
domino effect down the channel, flipping the other waters so they now
donate hydrogen bonds away from the OEC.
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Figure 4.3 shows the most prevalent positions of the waters in the narrow channel. Not only are the oxygens visible, but the hydrogen positions are visible as
welll, revealing the polar contacts that dominate the simulation. As already remarked upon with discussion of the near-OEC waters, the S1 WX predominantly
forms a hydrogen bond with O4 of the OEC, as well as S169 and D61 (not shown).
Proceeding down the narrow channel, the first four waters are pointed in the same
direction, that being they are donating hydrogen bonds towards the OEC. Not only
are the oxygen positions almost perfectly spherical, the hydrogen positions are as
well, indicating that the water location is strictly regulated, and the HBN is as well.
This is thanks to a highly organized HBN in the protein immediately surrounding
the narrow channel. Notice that WX1 , WX2 , and WX3 have a very distinctive pattern of having one hydrogen pointed towards the OEC and the second pointed elsewhere. These second hydrogens are locked onto hydrogen bond acceptors within
the protein, those being CP43-E354-Oe2, D1-D61-O, and D1-A336-O for WX1 , WX2 ,
and WX3 , respectively. All of these are fairly stable acceptors, with E354-Oe2 being
bound to the OEC and the latter two being backbone atoms. This consistent directionality has led to the thought that the narrow channel is the proton exit channel
[60].
The last of the waters in the linear chain, WX4 appears to maintain the same
spherical positioning as its neighbors, despite not having any protein contacts and
only participating in three hydrogen bonds with other waters in the narrow channel, one of those being WX3 . However, the occupancy quantitatively reveals that
this appearance of consistent stability is deceptive. The other four linear waters
have occupancies of at least 0.8, while WX4 drops to 0.6 (Table 4.1). Similarly,
in Figure 4.4, WX4 (red) has a less strictly defined position, similar to that of the
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amorphous WY . This is not surprising, considering that both waters share a similar hydrogen-bonding environment, primarily relying on free waters for stability,
yielding a less well-defined position.

F IGURE 4.4: Probability (left), occupancy (center), and decay (right)
of waters in the narrow channel. W1 and WX have consistently high
occupancy and rigidity. Other waters show a strong reaction to the net
increase in charge of the OEC in the S2 , particularity WX1 , which all
but abandons its S1 position and assumes an alternate position.

When the OEC is oxidized into the S2 state, there is a stark change to the narrow
channel. Most visibly, the formerly spherical water positions appear to be smeared
and squished, with only WX retaining its original shape. The most notable change
is that WX1 has completely changed positions. Whereas in S1 it sits below WX and
WX2 , interacting with CP43-E354-Oe2, WX1 now primarily sits above its neighbors,
closer to CP43-R357. There is still some occupancy visible at the S1 WX1 position at
low contour levels, but it is much reduced and invisible even at 15 σ. The remaining waters (WX2 -WX4 ) have less distinct individual positions and lower occupancy
but are all retained. This smearing effect indicates that the waters of the narrow
channel are more mobile and less organized in the S2 state. The change becomes
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F IGURE 4.5: Narrow channel water occupancy contoured at 50 σ. Simulation water oxygens are shown as red surfaces and waters found in
3WU2 [14] are shown as crosses. In S1 , occupancy of WX and the first
three waters in the narrow channel persist even at very high levels of
contouring. In S2 , only WX is visible at 50 σ

very obvious when the contour is increased to 50 σ in Figure 4.5, at which point
all waters in the narrow channel disappear in S2 , except for WX . Additionally, two
new waters appeared (WX3b and WX3c ) near WX3 , as seen in Figure 4.3. WX3b is
most likely an alternate position for WX3 , as their total occupancies, 0.32 and 0.56,
respectively, add up to 0.88, which is near to the S1 WX3 occupancy of 0.80. This
is consistent with other water molecules in the narrow channel, which do not lose
significant occupancy between S-states, despite the apparent loss of rigidity in S2 .
WX3b also occupies roughly the same position in the narrow channel water chain,
serving as link between WX2 and WX4 .
Conversely, WX3c has an occupancy of 0.61, meaning that it must be a completely
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new water rather than an alternate position. These new waters give the appearance
that the narrow channel becomes less narrow in the S2 , with the linear region ending terminating prematurely at WX2 instead of WX4 as in the S1 . This significantly
changes the properties of the narrow channel from a closely-coupled apparent proton shuttle as concluded by Sakashita et al. [60] to a much less organized possible
water supply channel. It is notable that this occurs in the S2 state as what immediately follows the S2 is the loss of a proton and binding of a water in S3 . The sudden
disorganization in the narrow channel makes it no longer the most ideal channel
for removing the proton lost during the S2 → S3 transition as it originally appeared
to be in the S1 .
Though the effect of the S1 → S2 transition is clear from the occupancy of oxygen atoms, the reason for this change is less so. The addition of hydrogen atoms
clearly shows the HBN that exists amongst the waters of the narrow channel. In
the S1 state, WX is primarily hydrogen bonded to the O4 µ-oxo bridge of the OEC.
However, when Mn4 is oxidized in the S2A state to a formal charge of 4+, the change
in charge is also distributed between Mn4’s neighbors. Because of this, the partial
charge of O4 is increased in the S2 model . The increase in charge decreases the
strength of the hydrogen bond between O4 and the hydrogen of WX , which flips
the water so that it then primarily donates its hydrogen bond to WX1 . This in turn
causes the entire hydrogen bond chain of the narrow channel to flip. Whereas in S1 ,
hydrogen bonds are donated towards the OEC, in the S2 they are now donated away
from the OEC. When this switching reaches WX3 , this water position becomes very
destabilized, exhibiting a bimodal distribution. The new alternate position, WX3b ,
lies close enough to a nearby unnamed channel to form a short two-water bridge
connecting the two channels with one of these two waters being WX3c .
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It is not possible to determine with the current methods whether these additional bridging waters are flowing from the narrow channel to the new channel or
vice versa. In the S1 , the area that the two-water channel occupies is blocked by
CP43-M356. In S2 , WX3b now occupies the space where the terminal methyl of the
M356 side chain formerly sat. The new position has pushed the flexible side chain
out of the way, clearing the way for two waters to bridge the gap between two
previously-separated channels. Despite one of the bridging waters, WX3c , having
an occupancy of 0.6 and clearly visible hydrogen positions, the second water that
lies closer to the unnamed channel is not readily identifiable as a discrete position
as it disappears rapidly when contouring is applied to the map, being barely visible
even at 7 σ and appearing oblong at lower contour levels. The oblong shape can
be split into two positions that are are only 1.5 Å apart, making occupancy analysis
of the two positions difficult as they are not far enough apart to quantify the occupancy of one without inadvertently overlapping with the other. However, despite
the inability to perform a full occupancy analysis of this new position, there are still
some conclusions that can be drawn from its high sensitivity to contouring. This
water is evidently much more transient than its partner, WX3c . This could hint that
the bridging waters do originate from the narrow channel as that half of the bridge
is more stable and the branch only occasionally pushes across the gap to make contact with the neighboring channel. Whether this new inter-channel connection and
disorganization of the narrow channel is merely a harmless side effect of oxidizing
the OEC or purposeful feature of the S2 state cannot yet be determined with certainty, but it does point towards the narrow channel serving as a water delivery
pathway rather than a highly organized proton exit pathway.
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The Broad Channel

In addition to the narrow channel, the broad channel is another favored channel
for proton egress [17]. Though it lacks the linear shape characteristic of the narrow channel, the broad is equally rigidly organized thanks to a number of charged
residues and a chloride anion. The channel begins at W8 and W9, which are neighbors to W2 and W1, respectively. W8 is bound between W2, D1-N181, and the
aforementioned chloride anion (Figure 4.1). W9 is held between W8, D1-D61, and
D2-K317. In combination with the chloride, W9 serves as important barrier between K317 and D61 preventing the formation of a salt bridge between the two.
When chloride is removed the S2 → S3 transition inhibited [115–117], presumably
because proton exit is blocked. When the lysine is mutated to an alanine, there is
no chloride dependence [42], further proving that the salt bridge is the cause of the
blockage. However, even though the K317A mutant does not react to the presence
or absence of the chloride, it still does have the same oxygen yield as the wild-type.
This points to two key facts concerning the broad channel. Firstly, D1-D61 is the
gateway to proton exit, whether by the narrow or broad channel. Secondly, K317 is
not just an troublesome polar residue that must be restrained by the chloride, but
actually serves some structural and/or hydrogen bonding purpose without which
the OEC’s efficiency is reduced.
Viewing the occupancy maps in Figure 4.6 shows a number of very distinct water positions that are evidently stable enough to also clearly show their hydrogen
bonding pattern. The first is W8, which most often accepts a hydrogen bond from
W2. If W2 is the water that is incorporated into the OEC during the S2 → S3 transition, this hydrogen bond is very probably the first step in removing the proton that
is lost between S2 and S3 . In addition to W2, W8 also accepts a hydrogen bond from
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F IGURE 4.6: Though it has similarly rigid HBN to the narrow channel,
the broad channel is, as its name implies, noticeably wider. Whereas
the narrow channel was characterized by a single file line of waters
locked onto the protein backbone, the broad channel is shaped by a
number of charged residues and a chloride anion. W8 and W9 (top)
mark the beginning of the channel, with W9 acting as a barrier, or perhaps a bridge, between D61 and K317. (Bottom) Past this bottleneck,
the channel opens up to a distinct cluster of seven waters, only four of
which are visible in the crystal structures [14, 63]. When the chloride
migrates in the S1 (bottom left), K317 follows it, displacing one water
from this cluster, which is indicated by the red arrow. Despite this disappearance, the net number of waters in the channel actually remains
the same, with a new water, WCl , (top right) taking up the space vacated by the chloride.

W9 and donates hydrogen bonds to Oδ1 of N181 and to the chloride, Cl-1. This
is consistent with the water positions and distances seen in PSII crystal structures
[14, 63, 64] and in theoretical models. In both S-states, W9 sits between D61 and
K317, donating a hydrogen bond to the fore and accepting one from the latter. Once
past the D61-K317 choke point, the broad channel widens into a highly-organized
and stable cluster of six-to-seven waters (Figure 4.6, bottom). Like W8 and W9, and
even the narrow channel waters, these position are almost perfectly spherical with
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very clear hydrogen positions.
While the S2 very closely replicates the water positions of crystal structures, the
S1 has a significant deviation in the broad channel. In S1 , the chloride shifts several
Ångströms towards the water cluster. When this happens, a new water, WCl , comes
to take its place. This new water accepts a hydrogen bond from N181 as chloride
did originally and donates a hydrogen bond to the shifted chloride, acting as a
bridge between the now-separated anion and asparagine. Remarkably, despite how
far the chloride moves, the hydrogen bond with N181 is the only chloride-amino
acid contact that is broken in S1 . The other two primary contacts, D2-K317 and the
backbone amine of the D1-E333, are maintained even after the shift. This is not
surprising of the flexible and overtly charged K317 side chain as it has both the
ability to move and a strong attraction to the anion. The maintained contact with
the amine in the backbone of E333 is more unexpected as it is much more rigid (E333
is one of the OEC-ligating residues) and not as strongly charged. However, all that
is needed for the E333 backbone to maintain contact with the chloride is a slight tilt
of the amine hydrogen. The persistence of the K317 and E333 hydrogen bonds and
the addition of WCl to fill in the N181 hydrogen bond suggest that the Cl-1 position,
alternatively referred to as the tightly-bound chloride, could be very flexible within
this small region of the broad channel. Also, despite the chloride moving closer
to D61 by an Ångström, there is still no salt bridge between K317 and D61, and
W9 and the water cluster are still able to pass between the two charged residues,
shown in Figure 4.6. This points to the broad channel still being a viable proton exit
pathway, even with Cl-1 in this altered position.
The reason for the movement of the chloride and why it only occurs in S1 is
not evident. The only other notable structure change in S1 compared to S2 is the
flipping of W8. In S2 , W8 accepts a hydrogen bond from W2, as expected. In S1 , W8
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does not interact with W2 or any of its usual hydrogen-bonding partners. Instead, it
accepts a hydrogen bond from the new WCl and donates its two hydrogen bonds to
another water and Oe of E333, which is bonded to Mn4. As the primary difference
between the two states is the net charge of the OEC, specifically the formal charge of
Mn4, the most reasonable guess would be that the partial charge of E333-Oe is too
low and is outcompeting Cl-1 for W8’s hydrogen bond. Indeed, the partial charge of
E333-Oe is markedly lower in S1 (-0.76 e) than in S2 (-0.65 e). To test if increasing this
charge solved the roving chloride, S1 charges were refit with +0.05 e being added to
Oe. This would make the oxygen a full 0.1 e less negative than the standard TIP3P
oxygen (-0.83 e), which the fully negative Cl− should easily be able to outcompete
for W8’s hydrogen bond. However, even after equilibrating the system for 100 ns
with the new charges and with the chloride fixed to its crystal structure position,
the chloride still moved over to the new position ∼10 ns after being released.
As altering the charge of E333 had no effect, the cause of the chloride motion
must be coming from other aspect of the S1 model. Comparing the fixed and freechloride S1 trajectories with the S2 trajectory, the broad channel in the fixed-chloride
S1 trajectory and S2 trajectory are virtually identical. The only difference is the lack
of an alternate W10 position (W10b in Figure 4.1) when the chloride is fixed. As
there is a W10b position in the free-chloride S1 , the loss of W10b would appear
to be directly caused by the fixing of the chloride, most likely via their mutual interaction with N181. Additionally, when the chloride is fixed, the hydrogen bond
between W8 and Cl-1 is maintained, with no indication of any interaction between
W8 and E333. This strongly implies that the flipping of W8 occurs in response to the
chloride moving and not the other way around. There are no other clear changes
to the hydrogen bond network between the fixed chloride in S1 and the S2 trajectory. This leaves the only remaining probable cause of the chloride movement as
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the net charge of the OEC in the S1 , which, including ligated amino acids, is -2 and
increases to -1 upon oxidation of Mn4 in S2 . In the S2 trajectory, the chloride is

∼6.5 Å away from Mn4 and this distance increases to ∼7.5 Å in the unrestrained
S1 , meaning that the chloride moves farther away from the OEC when the OEC is
more negative.
The observed chloride behavior implies one of two possibilities. The first is that
the Cl-1 pocket offers the tightly-bound chloride more flexibility than previously
thought. This is supported by the fact that the overall HBN of the broad channel
is largely maintained. The chloride moves towards the position typically occupied
by K317, K317 in turn moves and displaces one of the waters in the broad channel cluster, and a new water occupies the original chloride position. Additionally,
through all of this, no D61-K317 salt bridge is formed, meaning that the S2 → S3
transition should not be inhibited by this new chloride position. However, there
is no evidence of the new position in the PSII structures deposited into the Protein
Database, which requires the movement of both Cl-1 and K317. This makes the second possible explanation of the S1 chloride movement the more probable and that
would be that the partial charges of the OEC and its ligands in the model are not
accurately representing the real system. While the net charge of the region must be
-2 or -1 in the S1 and S2 states, respectively, how those charges are distributed across
the complex is reliant of the parameters generated before the simulation begins. It
could be that in the real system, the effect of an additional electron on Mn4 in S1 is
more distributed across the complex, moving the net effect of the additional electron away from the chloride without needing to move the anion itself. However,
outside of the effect on the chloride itself, it is difficult to justify smearing out the
extra electron charge more broadly across the OEC. When the S1 → S2 transition
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occurs and the S2A isomer is formed, the electron is very clearly taken from the oxidized Mn4, which more tightly binds O5 due to the strict preference of Mn4+ for
octehedral coordination. The same happens in the S2B isomer when Mn1 is oxidized
and forms a stronger bond with O5.
It is worth noting that the chloride motion does not occur in any S-state in the
sphere model discussed previously, despite using identical partial charges to the
current model. This could be explained by the reduced flexibility of the smaller
model, where the adjustments to the broad channel’s HBN (e.g. relocating waters
and amino acid side chains) may not have been as feasible due to D1-E65 and the
water cluster’s proximity to fixed edge of the sphere. To prevent this in future studies that use the full PSII monomer or dimer, the S1 partial charges should be refit
until a set is found that does not force the chloride to move. This may include holding the µ-oxo bridges and/or ligand waters to their ESP-calculated charges rather
than fitting RESP charges or by changing how many of the ligating amino acids’
partial charges are refit rather than maintaining the partial charges that are already
part of the force field. Currently, all atoms in the ligating amino acids are refit but
alternative methods include only refitting atoms in the side chains while keeping
the original AMBER or CHARMM partial charges on the backbone. This could also
extend up the side chain, so only the few atoms closest to the metal(s) would be
refit. The best method would need to be determined running test simulations with
each unique set of partial charges and seeing which one best replicates the chloride
and water positions of high-resolution published structures.
Looking to the quantized occupancies of the broad channel waters in each of the
three systems, S1 with Cl-1 free or fixed and S2 with Cl-1 free, (Figure 4.7) there is
no free water is this channel that matches the ligand waters, W1 and W2, in terms
of occupancy. This is in contract to WX in the narrow channel, whose occupancy
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F IGURE 4.7: Occupancy analysis of waters in the broad channel. The
S1 state simulation was performed twice, as the broad channel chloride
shifts in this S-state when not otherwise constrained. The chloride does
move in the S2 . When the chloride is fixed in the S1 , the broad channel
waters behave similarly to those in the S2 state. However, when the
chloride moves in the S1 , W8 and W9 are destabilized, as demonstrated
by their drop in occupancy. W10 has two distinct positions when the
chloride is unrestrained in both S-states

levels were virtually indistinguishable from those of the bound waters. This further
illustrates how unique WX is, pointing to the fact that likely serves a specialized
purpose within the Kok cycle, as it does in the proposed carousel mechanism. When
the chloride does not move, W9, which is hydrogen bonded to W1, W8, D61, and
K317 does come close, with an occupancy >0.8 in both S1 and S2 . This drops to
0.57 when the chloride moves in the unrestrained S1 , which can be attributed to the
flipping of W8 as discussed earlier. With W9 forming the physical barrier to the salt
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bridge between K317 and D61, its high stability is easily attributed to the highlycharged hydrogen bonds which tightly bind W9 in place. With W9 acting as the
gateway between the OEC and the rest of the broad channel, this position would
be critical to any proton egress through this channel and a highly stable W9 would
be beneficial maintaining the type of rigid HBN that needed to support a Grotthuss
mechanism. The benefit to using the broad channel as a proton pathway over the
narrow channel, which has a similarly rigid HBN, is that the broad channel does
not rely on a single file line of waters, where the destabilization or loss of one water
breaks the continuity of the channel. Once the broad channel passes D61, the wellnetworked water cluster give an exiting proton multiple pathways through which
to pass. Additionally, the broad channel does not suffer from loss of occupancy that
the narrow channel does in the S2 . If the proton is lost from W2 during the S2 → S3
transition, it must pass through W8 and W9 before reaching the water cluster, both
of which have occupancies that are unaffected by the oxidation of Mn4 when the
chloride does not move, enabling them to be reliable stepping stones for an exiting
proton. Beyond the water cluster, as the broad channel passes between D1-E65 and
D2-E312, the water positions become more continuous with few distinct positions,
making discernment of the water network of the broad channel next to impossible
past this point.

4.4

The YZ Tetramer

The water tetramer, sometimes also referred to as a "diamond", is perhaps the most
easily identifiable water construct in the entire PSII complex. It is comprised of the
bound W3 and free waters, W5-W7. As the name implies, these four waters are
arranged in a diamond-like pattern that connects the electron-donating OEC to the
electron-accepting YZ . From crystal structure, these waters appear to be consistent
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F IGURE 4.8: Occupancy analysis of the waters within the YZ tetramer.
W2, W3, and W5 (black, green, and blue, respectively) are largely unaffected by changing S-states or fixing the chloride. W6 and W7 (cyan
and magenta, respectively) have a drastic drop in occupancy when the
chloride is fixed, exhibiting a close coupling with the broad channel.

across the Kok cycle and are only affected by the temporary presence of the Y•Z
radical during S-state transitions. When Y•Z is present, the HBN of W5-W7 flips as
the electron-depleted tyrosine radical can no longer accept a hydrogen bond from
W7.
Since in the MD simulations YZ is always in its neutral singlet form, a change to
the water tetramer is not expected between S1 and S2 . However, as shown in Figure
4.8, there is a clearly evident increase in occupancy from S1 to S2 . Specifically W6
and W7 only have an occupancy of 0.3 in S1 and increases to >0.5 in S2 . However,
this is only true in the case of the restrained-Cl S1 , as listed in Table 4.2. In the
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Water

S1

S1 : Fixed Cl−

S2

W2

0.97

0.98

0.96

W3

0.95

0.95

0.95

W5

0.87

0.83

0.76

W6

0.75

0.28

0.60

W7

0.79

0.29

0.53
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TABLE 4.2: Occupancy of W2 and the tetramer waters in the S1 (free
and fixed Cl− ) and S2 . W2, W3, and W5 are not affected by oxidation
of the cluster or by the chloride. W6 and W7 show a large drop in
occupancy when the chloride is fixed and a smaller drop when Mn4 is
oxidized.

unrestrained S1 , there is no significant change in the tetramer. This can also be seen
in Figure 4.9. The tetramer is connected to the broad channel chloride through two
hydrogen bonding pathways. Both pathways begin at W5, the first being W5-W2W8-Cl and then second W5-W11-W10-N181-Cl. See Figure 4.1 for a visualization.
The key to reduction in tetramer occupancy in the restrained S1 is the stabilization of W10. In both the unrestrained S1 and the S2 , W10 has two positions. In the
restrained S1 , the alternate position disappears and the primary position, which is
in line with a crystal water found in both 0F [14] and 1F structures [63], doubles its
occupancy. This attracts the hydrogen of W5 that would otherwise form a hydrogen bond with W6, as is the case in the unrestrained S1 and S2 . With the loss of this
hydrogen bond between W5 and W6, W6 is destabilized and loses occupancy. As
W7 similarly relies on a hydrogen bond from W6, W7 also begins to disappear. As
discussed earlier, the chloride position in the broad channel is unexpectedly flexible
and the removal of that flexibility by fixing the chloride has a deleterious effect on
the tetramer. Since W10 is most closely connected to the chloride through N181, the
fixing of the chloride must also restrict the motion of N181, which in turn stabilizes
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F IGURE 4.9: Occupancy maps of the water tetramer. When Cl-1 is
free to move and even when it changes positions, the water tetramer
does not appear to be affected. However, fixing the chloride causes a
stronger hydrogen bond between W5 and W10 and weakens the W5W6 interaction, which destabilizes W6 and W7.

W10. What this ultimately signals is that the water tetramer and the broad channel’s chloride are closely coupled and the stability of the tetramer heavily relies on
instabilities in the broad channel.

4.5

The Large Channel

Leading away from WY , the large channel has two distinct branches. Of all the
channels discussed thus far, the main branch of the large channel is by far the most
similar in appearance to bulk water. Being so disordered already, the large channel
is not noticeably affected by the S1 → S2 transition. At a contour level of 1 σ, a
large mass of oxygen density can be seen (Figure 4.10). This is in contrast to the narrow and broad channels, which had distinct water positions even at this contouring
level. Increasing the contour to 15 σ, the channel nearly disappears with the exception of a few disjointed, smeared positions. The first four of these align with
existing crystal water positions, although they are clearly less stable than waters in
other channels, evidenced by the elongated shape of their oxygen positions
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F IGURE 4.10: Top: Oxygen density from waters in the large channel.
Unlike the narrow and broad channels, the large channel is characterized by its disorganized globular water arrangement. Middle: Same as
above but contoured to 15 σ and with hydrogen. The main branch of
the large channel has all but disappeared, but the lesser branch shows
clear water positions and hydrogen bonds. Bottom: A rotated view
focusing on the lesser branch to show the network of asparagines that
stabilize the lesser branch. Water positions from 3WU2 [14] are shown
as red crosses.
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and small, or even absent, hydrogen positions. Beyond these first few waters, there
are large gaps in the channel at 15 σ although there are waters present in this region
in both 3WU2 [14] and 6DHF [63]. The sporadic simulated water positions visible
farther away from the OEC do not seem to align with the positions given in the
crystal structure.
The lesser branch of the large channel is much more organized. It contains ten
waters, all of which have spherical positions and clear hydrogen positions. This is
thanks to six asparagine residues (D1-[N191, N298, N301, N303, N322, N325]) that
surround this offshoot of the large channel. Even at a contour of 1 σ, the ten water
positions are distinct, unlike in the main branch of the channel. While the stable
HBN of this branch appears to be similar to that of the broad and narrow channels,
meaning that it could be another candidate for proton transfer, it does have at least
one disqualifying flaw: it is a dead end. The branch terminates at D1-A318, with
N303 and N322 forming a barrier between it and the next nearest cluster of waters.
There is no evidence of waters passing between these asparagines and the distance
between the two nearest waters is ∼6 Å, too long for any sort of hydrogen bond.
The only possibility of a proton passing this way would be through N322, which
is a possibility through tautomerization [118], although the amides of asparagine
and glutamine makes for much less favorable proton "rest stops" than the acetates
of aspartate and glutamate found along the broad channel.
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Conclusions
The mechanism of natural oxygen synthesis has been a source of ardent study for
decades. Relying on a highly-oxidized metal complex that is often damaged or
destroyed by many common imaging techniques, the very structure of the OEC
could only be speculated at until the past decade, and even now relies heavily on
computational models to account for too-long distances and misplaced atoms. To
complicate matters further, the final step before oxygen evolution, S4 , is yet to be
captured by any method as it decays to S0 more quickly than it can be formed. This
has left room for a large amount of speculation as to what happens at the OEC
between S3 -Y•Z and S0 , which includes which of the many waters or µ-oxo bridges
within and around the OEC actually form the substrate pair that are deprotonated
and bonded. Part of identifying the substrate waters is determining where waters
are being brought to the OEC from and what pathway protons take on their journey
from the OEC out to the lumen. Only select waters are accessible by each channel.
For example, the W4 and WY positions are only easily accessed by the large channel.
If W3 is one of the substrate waters, we would expect that upon consumption of
W3, the position is filled by rotating W4 and the W4 position is subsequently filled
either by WY or directly from the large channel. For this mechanism to work, the
large channel must, at a minimum, be a good water delivery channel. It would be
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even better if the channel’s dynamics showed some coupling to the oxidation of the
OEC, which could indicate whether it is responsible for the water delivered during
S2 → S3 or during S3 → S0 or both. The same applies for any proton exit channel,
since, for unknown reasons, no proton is released during S1 → S2 , despite PCET
being a feature of every other transition.
Analysis of the three channels around the OEC via MD simulations and CNA
and occupancy analysis has revealed key properties of each channel that points towards what the OEC uses each channel for. CNA of 50-Å sphere models showed
that all the channels had high levels of centrality and intra-connectivity. Further
analysis of the HBN of each channel showed that while the waters within each
channel are closely coupled to one another, the method of correlating their motion
varies between channels. Both the narrow and broad channels have strong hydrogen bonds between waters that are supported by a scaffold of polar residues and
protein backbone. The aptly-named narrow channel has its water arranged, at least
near the OEC, in a rigid single file line, where each water directs one proton towards a polar contact within the protein and the other towards the next water in
line. The broad channel is equally rigid but instead is shaped more like an interconnected web that has several strong connection points at the charged residues that
dot the walls of the channel, including D1-D61, D1-E65, and D2-K317, in addition to
a tightly-bound chloride. Conversely, the large channel appears to be just as tightly
coupled as the narrow and broad, but there is not the same robust water-to-water
HBN. Instead, individual waters cluster around anionic D1-E329 and only transient
hydrogen bonds exist between the waters. The end result of this is that the large
channel is the least likely candidate for proton transport as it has no stable HBN.
Both the narrow and broad channel have incredibly robust HBNs, albeit in different
configurations, that make them more ideal for moving protons. Both the large and
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broad channels have higher RMSF values than the narrow channel, with the large
having the highest overall. A high RMSF is a signifier of a waters’ freedom to move
within the channel. Since a water delivery channel’s express purpose is to move
waters through PSII, it is natural to associate a higher RMSF with water delivery.
Given this, the large channel appears to be the best supplier of water molecules.
However, the large channel has the worst access of the three channels to the WX position, which is the primary candidate for binding during S2 → S3 . This leaves the
broad and narrow channels for water delivery, with the broad channel being more
likely based purely on the RMSF of its waters. Despite this, there is evidence of
"narrow" channels in other proteins explicitly serving as water-transport channels,
specifically aquaporin. The narrowness of such channels allows for a high amount
of selectivity for waters, not even allowing protons through [119].
Occupancy analysis of a full PSII monomer, where waters were capable of flowing through the channels, revealed a much more detailed picture of the water and
HBN network surrounding the OEC, resolving specific positions and orientations of
individual waters. The WX position was shown to be uniquely stable, comparable
to the the Mn- and Ca-bound waters despite being free itself. This was evidenced by
the fact that it not only had a high level of occupancy and clear hydrogen positions,
but also that the water in that position remained there for the entire simulation and
was never swapped with another molecule. This was not the case for any of the
other named free waters. The other narrow channel waters, defined as WX1 -WX4 ,
though they do interchange, show similarly rigid hydrogen bonding, with spherical oxygen positions as well as distinct hydrogen positions. This would point to the
narrow channel being set up to transport protons via a Grotthuss-type mechanism,
but only until the HBN radically changes when Mn4 is oxidized in the S2 . The lessened negative partial charge on O4, the µ-oxo bridge adjacent to Mn4, weakens its
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hydrogen bond with WX and causes the entire narrow channel to flip. With the flip,
WX1 is destabilized and relocated, and new water positions appear around WX3 ,
including a short two-water bridge that pushes through the protein and connects
the narrow channel to another nearby unnamed channel. The disorganization of
the narrow channel in S2 makes it seem less likely that it serves as a proton exit
channel, as Mn4 will remain oxidized in S3 , so it is unlikely that the narrow channel
will revert to be able to take the proton released during S2 → S3 . The increased
fluidity of the narrow channel could, however, be an indicator that the channel is
preparing to bring in a new water during that same transition. With WX binding
to Mn4, WX1 will need to move in to take its place near O4, which it will be more
capable of doing if the rigid HBN locking it into place is relaxed.
The broad channel retains its rigid spider web of hydrogen bonds in both Sstates, thanks to a number of charged residues. However, the chloride in the channel, Cl-1, moves away from the OEC in S1 , contrary to the position it has in published crystal structures. This appears to be due to the more negative net charge
of the OEC cavity in the S1 compared to the S2 . Recalculation of the OEC’s partial charges and extensive equilibration with the chloride fixed did not prevent the
anion from moving when it was eventually released. Remarkably, the HBN of the
broad channel is only minimally affected by the chloride move and no D61-K317
salt bridge is formed. When the chloride is fixed in the S1 , the HBN looks identical
to that of S2 , so it is not clear if there is any specific interaction that can be pinpointed
as the cause of the chloride move. Unexpectedly, when the chloride is fixed, the occupancy of W6 and W7 in the YZ tetramer is drastically reduced, showing that that
tetramer and broad channel are closely coupled. The decrease in occupancy seems
to be caused by the over-stabilization of W10 when the chloride is fixed, causing
W5 to release its hydrogen bond with W6 in favor of W10. When the chloride is
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free, there is no significant change in the tetramer between S1 and S2 , even when
the chloride shifts. As already evidenced by the RMSF and hydrogen bond analysis of the sphere trajectories, the large channel is the most transient of the three,
with the main branch of the channel largely vanishing at 15 σ. The large channel
does have a lesser branch that is much more organized with a clear HBN thanks to
a series of asparagines that surround it. What prevents this channel from being a
possible proton transporter is the fact that it is a dead end and could only transfer
protons via tautomerization of one of the asparagine residues. On the other hand,
the broad channel has a direct connection to the lumen and several glutamate and
aspartate residues that could act as proton rest stops along the way.
The final conclusion of this analysis is that the narrow channel is the most probable candidate for water delivery, as it has a clear reaction to the oxidation of Mn4
as well as easy access to the WX position by WX1 . The broad channel has a robust
HBN that seems clearly capable of transporting a proton away from the OEC, as
well as having several accessible rest stops along the way [17]. The large channel
does not appear to serve either of these purposes and may just generally hydrate
the OEC (W3, W4, and WY ), acting in a supporting role. It could play a more active
role during photoassembly, being the channel that brings in Mn2+ but such determinations are outside of the scope of the analyses discussed here. Future studies
should be done to examine how the channels react to the high-spin isomer of S2 , as
well as other S-states to acquire a full picture of the Kok cycle. Trajectories with an
oxidized YZ would likely be very informative as well, especially in S3 , which would
provide the final picture before the creation of the transient S4 .
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Appendix A

OEC

Partial Charges for the OEC
S1

S2A

S2B

S3

S0

Ca1

1.518360

1.395880

1.498350

1.786600

1.386660

Mn1

1.204720

1.193870

1.384171

1.340884

1.016880

Mn2

1.194920

1.244060

1.291255

1.330076

1.200160

Mn3

1.664330

1.520380

1.685875

1.711437

1.469670

Mn4

1.518050

1.397600

1.411548

1.510133

1.180510

O1

-0.705093

-0.675102

-0.662958

-0.692911

-0.755619

O2

-0.655474

-0.613125

-0.666290

-0.686557

-0.731990

O3

-0.752930

-0.752491

-0.748452

-0.773950

-0.709212

O4

-0.765951

-0.639714

-0.773868

-0.704763

-0.760995

O5

-1.003232

-0.903511

-0.938193

-0.928231

-0.859311

H5

-

-

-

0.349325

0.289994

O6

-

-

-

-0.762134

-

TABLE A.1: Partial charges for the OEC: calcium, manganese, and µoxo bridges

D1-E189

D1-D170
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S1

S2A

S2B

S3

S0

N

-0.402185

-0.353957

-0.369395

-0.351629

-0.516300

H

0.284130

0.277665

0.282707

0.268349

0.349391

CA

-0.038434

-0.080858

-0.047356

0.012930

0.038100

HA

0.098642

0.100847

0.082241

0.061037

0.134699

CB

-0.157519

-0.122125

-0.198239

-0.142604

0.158929

HB2

0.071475

0.079061

0.093907

0.067572

0.019087

HB3

0.071475

0.079061

0.093907

0.067572

0.019087

CG

0.710756

0.638044

0.711520

0.656978

0.373638

OD1

-0.728700

-0.679346

-0.699836

-0.628462

-0.501457

OD2

-0.621579

-0.540711

-0.614132

-0.576994

-0.491622

C

0.633215

0.668528

0.675093

0.651876

0.536600

O

-0.570853

-0.571515

-0.571717

-0.573007

-0.581900

N

-0.421078

-0.380459

-0.380305

-0.459968

-0.516300

H

0.258117

0.241925

0.243945

0.295797

0.325344

CA

-0.161207

-0.202430

-0.203272

-0.113933

0.039700

HA

0.126318

0.131927

0.134358

0.132262

0.104896

CB

-0.051022

-0.016391

-0.012242

0.088392

0.234441

HB2

0.036719

0.025893

0.026034

-0.021570

-0.016243

HB3

0.036719

0.025893

0.026034

-0.021570

-0.016243

CG

-0.009335

-0.004925

-0.017566

-0.040743

-0.220230

HG2

0.047452

0.049166

0.050642

0.021680

0.062214

HG3

0.047452

0.049166

0.050642

0.021680

0.062214

CD

0.734999

0.735911

0.725381

0.839982

0.563522

OE1

-0.688084

-0.670056

-0.680882

-0.703138

-0.590159

OE2

-0.764383

-0.762824

-0.736814

-0.707573

-0.510556

C

0.740890

0.770375

0.768760

0.715263

0.536600

O

-0.628278

-0.630089

-0.630317

-0.617373

-0.581900

TABLE A.2: Partial charges for D1-D170 and E189

D1-H332
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S1

S2A

S2B

S3

S0

N

-0.434535

-0.383396

-0.383864

-0.439859

-0.415700

H

0.307118

0.292661

0.293489

0.310900

0.318400

CA

0.028413

0.012182

0.010275

0.020076

0.018800

HA

0.084089

0.092749

0.095236

0.085067

0.030082

CB

-0.154298

-0.159734

-0.184839

-0.172699

0.092072

HB2

0.091133

0.099545

0.107427

0.096580

-0.007353

HB3

0.091133

0.099545

0.107427

0.096580

-0.007353

CG

0.005570

0.012728

-0.001490

-0.014215

0.101953

ND1

-0.082190

-0.067646

-0.055496

-0.046485

-0.297168

HD1

0.270530

0.283781

0.283081

0.265344

0.332139

CE1

-0.034705

-0.055960

-0.086905

-0.056838

0.164358

HE1

0.183488

0.192610

0.203985

0.181017

0.151459

NE2

-0.101477

-0.061086

-0.064564

-0.106619

-0.188041

CD2

-0.142562

-0.162103

-0.129076

-0.101685

-0.283071

HD2

0.165080

0.158607

0.154172

0.152745

0.179777

C

0.308595

0.299999

0.295428

0.430605

0.597300

O

-0.412680

-0.408191

-0.403298

-0.444705

-0.567900

TABLE A.3: Partial charges for D1-H332

D1-D342

D1-E333
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S1

S2A

S2B

S3

S0

N

-0.334133

-0.338321

-0.343180

-0.284892

-0.516300

H

0.272971

0.276193

0.278420

0.230496

0.324230

CA

-0.022135

-0.035829

-0.026436

-0.041859

0.039700

HA

0.044369

0.056299

0.055324

0.056057

0.040897

CB

0.070377

0.070535

0.076479

0.075535

0.395931

HB2

0.021710

0.016967

0.008530

0.014614

0.039232

HB3

0.021710

0.016967

0.008530

0.014614

0.039232

CG

0.001794

-0.024022

-0.024116

0.000948

-0.574711

HG2

0.005725

0.030919

0.026091

0.020506

0.096413

HG3

0.005725

0.030919

0.026091

0.020506

0.096413

CD

0.761151

0.763389

0.807577

0.615327

0.880700

OE1

-0.680620

-0.611164

-0.640070

-0.556491

-0.756469

OE2

-0.764776

-0.645159

-0.731158

-0.629745

-0.623526

C

0.626087

0.677359

0.671953

0.646412

0.536600

O

-0.561423

-0.567986

-0.566279

-0.568431

-0.581900

N

-0.495529

-0.449089

-0.442833

-0.458034

-0.516300

H

0.299004

0.292504

0.292871

0.296445

0.314853

CA

0.016060

-0.004732

-0.013686

-0.000127

0.038100

HA

0.101544

0.100816

0.096201

0.083712

0.079313

CB

-0.050054

-0.047024

-0.046158

0.008948

-0.076363

HB2

0.057586

0.061306

0.066988

0.060506

0.049126

HB3

0.057586

0.061306

0.066988

0.060506

0.049126

CG

0.651131

0.640522

0.648334

0.544523

0.785984

OD1

-0.522324

-0.524538

-0.494554

-0.404459

-0.549925

OD2

-0.681532

-0.658547

-0.648924

-0.567180

-0.689366

C

0.448847

0.529629

0.466765

0.465950

0.536600

O

-0.565764

-0.564081

-0.556873

-0.556653

-0.581900

TABLE A.4: Partial charges for D1-E333 and D342

CP43-E3354

D1-A344
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S1

S2A

S2B

S3

S0

N

-0.106992

-0.040830

-0.051264

-0.030340

-0.058321

H

0.043362

0.032321

0.000323

-0.049012

-0.031457

CA

-0.082770

-0.098928

-0.094416

-0.052693

-0.070966

HA

0.135542

0.143041

0.141540

0.104338

0.089404

CB

-0.057443

-0.059893

-0.044873

-0.036161

-0.017170

HB1

0.039454

0.046474

0.043450

0.037209

0.025366

HB2

0.039454

0.046474

0.043450

0.037209

0.025366

HB3

0.039454

0.046474

0.043450

0.037209

0.025366

C

0.555104

0.502720

0.512655

0.551251

0.470857

O

-0.547499

-0.491117

-0.499360

-0.596277

-0.474668

OXT

-0.401963

-0.401111

-0.378280

-0.373239

-0.340845

N

-0.477168

-0.415963

-0.427414

-0.418855

-0.516300

H

0.306782

0.292691

0.293259

0.282664

0.328649

CA

-0.122516

-0.163075

-0.168041

-0.172653

0.039700

HA

0.137025

0.140240

0.139782

0.139391

0.121742

CB

0.003077

0.038969

0.032715

0.034506

0.044032

HB2

0.011340

0.007447

0.007375

0.011708

0.017628

HB3

0.011340

0.007447

0.007375

0.011708

0.017628

CG

0.005858

-0.025190

-0.025726

-0.039081

-0.026745

HG2

0.020731

0.035502

0.041140

0.048657

-0.004244

HG3

0.020731

0.035502

0.041140

0.048657

-0.004244

CD

0.716971

0.664836

0.698931

0.729413

0.630321

OE1

-0.605327

-0.568448

-0.603080

-0.670985

-0.611230

OE2

-0.652594

-0.577666

-0.621058

-0.685381

-0.581662

C

0.711108

0.752817

0.741761

0.731395

0.536600

O

-0.611449

-0.593413

-0.617377

-0.611409

-0.581900

TABLE A.5: Partial charges for D1-A344 and CP43-E354

W4

W3

W2

W1
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S1

S2A

S2B

S3

S0

O

-0.919552

-0.791523

-0.859002

-1.090268

-0.871230

H1

0.450655

0.418942

0.455254

0.510612

0.433833

H2

0.450655

0.418942

0.455254

0.510612

0.433833

O

-0.793149

-0.748772

-0.797340

-0.867092

-0.665725

H1

0.426149

0.430052

0.442263

0.438790

0.318017

H2

0.426149

0.430052

0.442263

0.438790

0.318017

O

-0.888203

-0.819177

-0.870508

-0.812142

-0.713440

H1

0.437369

0.423428

0.436512

0.451463

0.410435

H2

0.437369

0.423428

0.436512

0.451463

0.410435

O

-0.780160

-0.766078

-0.819951

-0.800497

-0.924944

H1

0.394959

0.398169

0.416445

0.436391

0.480060

H2

0.394959

0.398169

0.416445

0.436391

0.480060

TABLE A.6: Partial charges for the bound waters: W1, W2, W3, and
W4
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Appendix B

Code to Create Occupancy Maps with
CCP4
# Run using: ccp4 ./NuclearDensity.com
#!/bin/bash
for ID in S1 S2 ; do
sfall xyzin ${ID}_oxygen.pdb mapout ${ID}_oxygen_1A.map.ccp4 hklout
${ID}_oxygen_1A.mtz ATOMSF atomsf_neutron.lib << eof
mode SFCALC XYZIN ATMMAP
CELL 80 80 80 90 90 90
GRID 240 240 240
SFSGROUP P1
SYMMETRY P1
RESOLUTION 100 1.0
BRESET 10.0
FORMFACT NEUTRON
end
eof
done
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Scripts to Generate Probability
Densities
C.1

SphericalAveraging.com

#Written by Jimin Wang
#Replace columns 3-5 with coordinates of water position
#Replace column 14 with the name of the map to be analyzed
#Replace column 15 with the desired output name
#Run as ./SphericalAveraging.com
#!/bin/csh
source CalSphereDensity.com 39.410 34.380 46.468 30.00 0 0 0 0 0 0 0.00
S2_51_100ns_oxygen_1A S2_51_100ns_W1
source CalSphereDensity.com 41.855 35.461 47.281 30.00 0 0 0 0 0 0 0.00
S2_51_100ns_oxygen_1A S2_51_100ns_W2
source CalSphereDensity.com 41.429 38.653 49.084 30.00 0 0 0 0 0 0 0.00
S2_51_100ns_oxygen_1A S2_51_100ns_W3
source CalSphereDensity.com 40.959 41.489 48.405 30.00 0 0 0 0 0 0 0.00
S2_51_100ns_oxygen_1A S2_51_100ns_W4
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...

C.2

CalSphereDensity.com

# This code is called by SphericalAveraging.com and produces probability density
# data that is printed to a file named "foo.SphericalAveraged"
# !/bin/csh
cp awk_ functions awk.it
# CRYST1 30.000 30.000 30.000 90.00 90.00 90.00 P 1
cat «eof »awk.it
BEGIN {cx[1]=30.000; cx[2]=30.000; cx[3]=30.000; cx[4]=90.00; cx[5]=90.00; cx[6]=90.00;
ccpvolr(cx,ac,v); ortho(cx,c2f,f2c);
# ortho(ac,RF,RO);
x1[1]=$ 1; x1[2]=$ 2; x1[3]=$ 3; b1=$ 4;
ab[1]=$ 5; ab[2]=$ 6; ab[3]=$ 7; ab[4]=$ 8; ab[5]=$ 9; ab[6]=$ 10;bave=$ 11;
ab[1]=ab[1]*ac[1]*ac[1]/10000.0; ab[2]=ab[2]*ac[2]*ac[2]/10000.0;
ab[3]=ab[3]*ac[3]*ac[3]/10000.0;
ab[4]=ab[4]*ac[1]*ac[2]/10000.0; ab[5]=ab[5]*ac[1]*ac[3]/10000.0;
ab[6]=ab[6]*ac[2]*ac[3]/10000.0;
C=0.017453; twopi=6.28319; octahedron(x);

}
eof
cat awk_ newmain_ spherical_ average »awk.it
awk -f awk.it $ { 12}.list >! $ {13}.SphericalAveraged
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awk_functions

#This code is called by CalSphereDensity.com
# Calculates density along 12 vectors centered at the coordinates provided in
# SphericalAveraging.com
#!/bin/csh
function ccpvolr(cx,ac,v) dtor=0.017453;
a1=cx[1]; b1=cx[2]; c1=cx[3];
alph=dtor*cx[4]; beta=dtor*cx[5];gamm=dtor*cx[6];sum=0.5*(alph+beta+gamm);
v=sin(sum-alph)*sin(sum-beta)*sin(sum-gamm);
v=2.0*a1*b1*c1*sqrt(sin(sum)*v);
astar=b1*c1*sin(alph)/v; bstar=c1*a1*sin(beta)/v; cstar=a1*b1*sin(gamm)/v;
cosast=(cos(beta)*cos(gamm)-cos(alph))/(sin(beta)*sin(gamm));
cosbst=(cos(gamm)*cos(alph)-cos(beta))/(sin(gamm)*sin(alph));
cosgst=(cos(alph)*cos(beta)-cos(gamm))/(sin(alph)*sin(beta));
ac[1]=astar*astar; ac[2]=bstar*bstar; ac[3]=cstar*cstar;
ac[4]=2.0*bstar*cstar*cosast; ac[5]=2.0*cstar*astar*cosbst; ac[6]=2.0*astar*bstar*cosgst;
return
function ortho(cx,c2f,f2c)
C=0.017453;
cabg[1]=cos(cx[4]*C); cabg[2]=cos(cx[5]*C); cabg[3]=cos(cx[6]*C);
sabg[1]=sin(cx[4]*C); sabg[2]=sin(cx[5]*C); sabg[3]=sin(cx[6]*C);
cabgs[1]=(cabg[2]*cabg[3]-cabg[1])/(sabg[2]*sabg[3]);
cabgs[2]=(cabg[3]*cabg[1]-cabg[2])/(sabg[3]*sabg[1]);
cabgs[3]=(cabg[1]*cabg[2]-cabg[3])/(sabg[1]*sabg[2]);
v=cx[1]*cx[2]*cx[3]*sqrt(1.0+2.0*cabg[1]*cabg[2]*cabg[3]-cabg[1]**2-cabg[2]**2-cabg[3]**2);
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abcs[1]=cx[2]*cx[3]*sabg[1]/v;
abcs[2]=cx[3]*cx[1]*sabg[2]/v;
abcs[3]=cx[1]*cx[2]*sabg[3]/v;
sabgs1=sqrt(1.0-cabgs[1]**2);
# cartesian to fraction
c2f[1,1]=1.0/cx[1];
c2f[1,2]=-cabg[3]/(sabg[3]*cx[1]);
c2f[1,3]=-(cabg[3]*sabg[2]*cabgs[1]+cabg[2]*sabg[3])/(sabg[2]*sabgs1*sabg[3]*cx[1]);
c2f[2,1]=0.0;
c2f[2,2]=1.0/(sabg[3]*cx[2]);
c2f[2,3]=cabgs[1]/(sabgs1*sabg[3]*cx[2]);
c2f[3,1]=0.0;
c2f[3,2]=0.0;
c2f[3,3]=1.0/(sabg[2]*sabgs1*cx[3]);
# fraction to cartesian
f2c[1,1]=cx[1];
f2c[1,2]=cabg[3]*cx[2];
f2c[1,3]=cabg[2]*cx[3];
f2c[2,1]=0;
f2c[2,2]=sabg[3]*cx[2];
f2c[2,3]=-sabg[2]*cabgs[1]*cx[3];
f2c[3,1]=0.0;
f2c[3,2]=0.0;
f2c[3,3]=sabg[2]*sabgs1*cx[3];
return
function product(y,r,x)
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y[1]=x[1]*r[1,1]+x[2]*r[1,2]+x[3]*r[1,3];
y[2]=x[1]*r[2,1]+x[2]*r[2,2]+x[3]*r[2,3];
y[3]=x[1]*r[3,1]+x[2]*r[3,2]+x[3]*r[3,3];
return
function formfactor(E,ss,B,afc,bfc,afs,bfs) form=0;
if(E=="C") for(kk=1; kk<=5; kk+=1) badd=B/4.+bfc[kk]/4.0; form=form+afc[kk]*exp(-

badd*ss);
if(E=="S") for(kk=1; kk<=5; kk+=1) badd=B/4.+bfs[kk]/4.0; form=form+afs[kk]*exp(-

badd*ss);
return form
function octahedron(x)
pi=3.141593; d2r=pi/180; alpha=70.5288*d2r; beta=60.0*d2r;
x[1,1]=1.0; x[1,2]=0.0; x[1,3]=0.0;
x[2,1]=1.0/2.0; x[2,2]=sin(beta); x[2,3]=0.0;
x[3,1]=-1.0/2.0; x[3,2]=sin(beta); x[3,3]=0.0
x[4,1]=1.0/2.0; x[4,2]=cos(alpha)*sin(beta); x[4,3]=sin(alpha)*sin(beta);
x[5,1]=-1.0/2.0; x[5,2]=cos(alpha)*sin(beta); x[5,3]=sin(alpha)*sin(beta);
x[6,1]=0.0;x[6,2]=-cos(alpha)*sin(beta)*2; x[6,3]=sin(alpha)*sin(beta);
for(i=7; i<=12; i+=1)
x[i,1]=-x[i-6,1]; x[i,2]=-x[i-6,2]; x[i,3]=-x[i-6,3]

C.4

awk_newmain_spherical_average

# This code is called by CalSphereDensity.com
# Averages the 12 vectors
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h[NR]=$ 1; k[NR]=$ 2; l[NR]=$ 3; apart0=$ 4*cos($ 5*C); bpart0=$ 4*sin($ 5*C);
# making B-factor corrections and store into apart[NR] and bpart[NR]
ss=ac[1]*$ 1*$ 1+ac[2]+ac[2]*$ 2*$ 2+ac[3]*$ 3*$ 3+ac[4]*$ 2*$ 3+ac[5]*
$ 3*$ 1+ac[6]*$ 1*$ 2;
Btensor=ab[1]*$ 1*$ 1+ab[2]*$ 2*$ 2+ab[3]*$ 3*$ 3+2*ab[4]*$ 2*$ 3+2*ab[5]*
$ 1*$ 3+2*ab[6]*$ 1*$ 2;
Btensor=2*pi*pi*Btensor; scale=exp(Btensor-bave*ss/4.0);
apart[NR]=apart0*scale; bpart[NR]=bpart0*scale;

}
ENDNX=30; dr=0.05; r=0; srho=0;
xnew[1]=x1[1]; xnew[2]=x1[2]; xnew[3]=x1[3];
product(yfract,c2f,xnew); rho=0;
for(j=1; j<=NR; j+=1) alpha=h[j]*yfract[1]+k[j]*yfract[2]+l[j]*yfract[3];
rho=rho+apart[j]*cos(twopi*alpha)+bpart[j]*sin(twopi*alpha);;
rho=2*(rho+129124)/v;
printf("%8.3f %12.5f %12.5f %12.5f\n",r,rho,rho-srho,rho+srho);
# averaging
for (i1=1; i1<=NX; i1+=1) r=dr*i1; rho0=0; sumxx=0;
for(i2=1; i2<=12; i2+=1)
xnew[1]=x1[1]+x[i2,1]*r;
xnew[2]=x1[2]+x[i2,2]*r;
xnew[3]=x1[3]+x[i2,3]*r;
product(yfract,c2f,xnew);
rho=0;
for(j=1; j<=NR; j+=1) alpha=h[j]*yfract[1]+k[j]*yfract[2]+l[j]*yfract[3];
rho=rho+apart[j]*cos(twopi*alpha)+bpart[j]*sin(twopi*alpha);;
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rho=2*(rho+129124)/v;
rho0=rho0+rho; sumxx=sumxx+rho*rho;
rho=rho0/12; srho=sqrt(sumxx/12-rho*rho);
printf("%8.3f %12.5f %12.5f %12.5f\n",r,rho,rho-srho, rho+srho)
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Appendix D

Scripts to Calculate Decay
D.1

rrlog.com

#Written by Jimin Wang
#Calculates y = log(x2̂/max2̂)/2 for the probability density calculated by SphericalAveraging.com
#Run using ./rrlog.com
# !/bin/csh
foreach Mn (W1 W2 W3 W4)
awk -f awk_rrlog S2_51_100ns_$ {Mn}.SphericalAveraged >!
S2_51_100ns_${Mn}.SphericalAveraged_rrlog
end

D.2

awk_rrlog

#This code is called by rrlog.com
# !/bin/csh

{if(NR==1) {ymax=$ 2}; rr=$ 1*$ 1; ylog=log($ 2*$ 2/ymax**2)/2.0;
print rr,ylog}
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Appendix E

Sample Matlab Code for Generating
Plots
%Load data generated by the codes found in Appendices C and D
S1W1 = dlmread(’/Users/foo/bar/S1_51_100ns_W1.SphericalAveraged’);
S1W2 = dlmread(’/Users/foo/bar/S1_51_100ns_W2.SphericalAveraged’);
S1W3 = dlmread(’/Users/foo/bar/S1_51_100ns_W3.SphericalAveraged’);
S1W4 = dlmread(’/Users/foo/bar/S1_51_100ns_W4.SphericalAveraged’);
S1W1_log = dlmread(’/Users/fo/bar/S1_51_100ns_W1.SphericalAveraged_rrlog’);
S1W2_log = dlmread(’/Users/foo/bar/S1_51_100ns_W2.SphericalAveraged_rrlog’);
S1W3_log = dlmread(’/Users/foo/bar/S1_51_100ns_W3.SphericalAveraged_rrlog’);
S1W4_log = dlmread(’/Users/foo/bar/S1_51_100ns_W4.SphericalAveraged_rrlog’);
%Determining the probability of each position by dividing the number of occurances by the total number of frames
S1W1(:,2:4) = S1W1(:,2:4)/1250;
S1W2(:,2:4) = S1W2(:,2:4)/1250;
S1W3(:,2:4) = S1W3(:,2:4)/1250;
S1W4(:,2:4) = S1W4(:,2:4)/1250;
%Calculating the scaling factor to normalize the CDF of W1

Appendix E. Sample Matlab Code for Generating Plots
S1W1tot = trapz(S1W1(:,1),S1W1(:,2));
S1W1scale = trapz(S1W1(:,1),S1W1(:,2))/S1W1tot;
S1W2scale = trapz(S1W2(:,1),S1W2(:,2))/S1W1tot;
S1W3scale = trapz(S1W3(:,1),S1W3(:,2))/S1W1tot;
S1W4scale = trapz(S1W4(:,1),S1W4(:,2))/S1W1tot;
%Calculation of CDF
S1W1cdf = ecdf(S1W1(:,2),’Function’,’survivor’);
S1W2cdf = ecdf(S1W2(:,2),’Function’,’survivor’)*S1W2scale;
S1W3cdf = ecdf(S1W3(:,2),’Function’,’survivor’)*S1W3scale;
S1W4cdf = ecdf(S1W4(:,2),’Function’,’survivor’)*S1W4scale;
%Plotting the PDF, CDF, and decay
figure(’rend’,’painters’)
tiledlayout(1,3)
nexttile
hold on
plot(S1W1(:,1),S1W1(:,2),’k’,’Linewidth’,2);
plot(S1W2(:,1),S1W2(:,2),’g’,’Linewidth’,2);
plot(S1W3(:,1),S1W3(:,2),’b’,’Linewidth’,2);
plot(S1W4(:,1),S1W4(:,2),’c’,’Linewidth’,2);
set(gca,’FontSize’,25,’XMinorTick’,’on’,’YMinorTick’,’on’);
legend(’W1’,’W2’,’W3’,’W4’,’Location’,’eastoutside’)
xlabel(’Radius (Å)’)
ylabel(’S_1’;’Probability’)
xlim([0 1.5])
xticks([0:0.5:1.5])
ylim([0 0.25])
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yticks([0:0.05:0.25])
ax=gca;
hold off
nexttile
hold on
plot(S1W1(:,1),S1W1cdf(1:31,1),’k’,’Linewidth’,2);
plot(S1W2(:,1),S1W2cdf(1:31,1),’g’,’Linewidth’,2);
plot(S1W3(:,1),S1W3cdf(1:31,1),’b’,’Linewidth’,2);
plot(S1W4(:,1),S1W4cdf(1:31,1),’c’,’Linewidth’,2);
set(gca,’FontSize’,25,’XMinorTick’,’on’,’YMinorTick’,’on’);
legend(’W1’,’W2’,’W3’,’W4’,’Location’,’eastoutside’)
xlabel(’Radius (Å)’)
ylabel(’Occupancy’)
xlim([0 1.5]);
ylim([0 1]);
xticks([0:0.5:2.25]);
yticks([0:0.25:1]);
ax=gca;
hold off
nexttile
hold on
plot(S1W1_log(:,1),S1W1_log(:,2),’k’,’Linewidth’,2);
plot(S1W2_log(:,1),S1W2_log(:,2),’g’,’Linewidth’,2);
plot(S1W3_log(:,1),S1W3_log(:,2),’b’,’Linewidth’,2);
plot(S1W4_log(:,1),S1W4_log(:,2),’c’,’Linewidth’,2);
plot(S1WX_log(:,1),S1WX_log(:,2),’m’,’Linewidth’,2);
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plot(S1WY_log(:,1),S1WY_log(:,2),’r’,’Linewidth’,2);
set(gca,’FontSize’,25,’XMinorTick’,’on’,’YMinorTick’,’on’);
legend(’W1’,’W2’,’W3’,’W4’,’Location’,’eastoutside’)
xlabel(’Squared Radius (Å2̂)’)
ylabel(’log(Prob2̂/Max2̂)/2’)
xlim([0 2.25])
xticks([0:0.75:2.25])
ax=gca;
hold off
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